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ABSTRACT 

Tha  corrosion  of  titanium  by  salt  below  HOOP  la  an  overall  oxida¬ 
tion  process  that  proceeds  by  the  following  steps:  (1)  chloride 
salt  reacts  with  titanium  and  surface  oxides  with  the  liberation 
of  chlorine;  (2)  chlorine  attacks  titanium  metal;  and  (3)  titanium 
chlorides  oxidize.  The  reaction  Is  sustained  by  (a)  diffusion  of 
salt  Into  the  oxide  layer  and  (b)  continued  regeneration  of  chlorine. 
Accelerated  attack  above  HOOF  is  the  result  of  a  liquid  salt  phase 
that  forma  and  improves  contact  between  alloy  and  corrodent. 

The  attack  of  stressed  super-alpha  titanium  alloys,  processed  below 
the  beta  tranaua.  Is  centered  In  the  grain  boundaries.  Alloys  pro¬ 
cessed  at  higher  temperatures  corrode  more  extensively  ond  crack 
transgranularly  Indicating  that  alloy  partitioning  occurs  and 
results  In  thermal  sensitization.  Chlorine  la  the  primary  cracking 
agent . 

The  extent  of  the  damage  contributing  to  stress  failure  can  be  re¬ 
duced  by  processing  alloy: containing  minimum  amounts  of  hydrogen, 
at  low  temperatures. 

Certain  minor  alloy  additions,  notably  0,2  percent  palladium  and 
0,1  percent  yttrium,  slightly  improve  the  resistance  of  the  base 
alloys  to  salt.  Carefully  applied,  adherent,  non-porous  aluminum 
and  nickel  plates,  although  susceptible  to  mechanical  damage,  pro¬ 
vide  adequate  protection  of  stressed  super-alpha  titanium  alloys 
below  lOOOP. 
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I.  INTRODOOTIOM 


The  cori'oalon  of  titanium  by  aalt  at  elevated  temporatuK^es  vae  firat' 
reported  as  a  result  of  Investigating  an  occasional  loss  in  ductility 
observed  after  creep  testing  a  particular  titanium  alloy.  When  speci¬ 
mens  were  machined  after  creep  testing  to  remove  about  two  mils  from 
the  surface,  no  loss  in  duotllitv  was  evident.  This  surface  phenomena 
was  at  first  explained  as  ''omega"  embrittlement,  Siibsoquent  work 
showed  that  failure  was  due  to  salt  corrosion.  Traces  of  salt  were 
Identified  on  the  fractured  surface  of  a  specimen  by  means  of  x-ray 
diffraction  techniques.  The  salt  was  traced  to  fingerprints  as 
indicated  by  their  characteristic  pattern. 

Realizing  the  potential  damage  that  could  be  caused  by  salt  corrosion, 
several  laboratories  began  research  work  on  this  problem.  Some  of 
the  results  of  this  work  were  published  in  a  cooperative  effort  by 
four  of  the  titanium  producers  and  Pratt  and  Whitney  Aircraft  Company 
In  19f>7d)»  Although  considerable  information  is  available  on  the 
corrosion  behavior  of  tltanitira  In  molten  salts  and  in  aqueous  salt 
solutions,  fey  reports  such  as  T!1L  Report  No,  88'^^  and  WADD  Technical 
Report  60-191'^^  contain  Information  on  the  dry  salt  corrosion  of 
titanium  and  titanium  alloys  at  elevated  temperatures, 

TML  Report  No.  88  showed  that  all  titanium  alloys  produced  prior  to 
the  middle  of  19^7  are  vulnerable  in  varying  degrees  to  salt  corroaloi* 
at  high  temperatures.  The  nature  and  extent  of  the  damage  caused  by 
salt  corrosion  Is  a  function  of  the  load,  time,  and  temperature.  The 
salt  attacks  the  grain  boundaries  and  produces  sizeable  pits,  at  above 
about  7^0P,  which  are  precursors  of  the  stress  corrosion  cracking  of 
titanium  alloys.  This  action  decroases  the  cross-sectional  area  and 
produces  notches  which  markedly  decrease  the  tensile  ductility.  Rapid 
general  corrosion  of  unstressed  samples  in  Intimate  contact  with 
sodium  chloride  was  reported  for  temperatures  above  HOOP, 

Some  data  supported  the  expectation  that  anodised  films  would  retard 
thecorroslon,  but  WADD  Technical  Report  60-191'^'  shows  the  pro¬ 
tection  of  the  oxide  film  to  be  lost  in  tlitie  by  direct  reactioj’  with 
the  chloride  salt.  The  Incubation  period  for  crack  Initiation  depends 
upon  the  thickness  of  the  oxide  film  and  on  temperstxu'e  and  stress. 

The  reaction  is  accelerated  whsn  cox’roslon  products  lower  the  melting 
point  of  salb,  flux  away  the  oxide  film,  and  form  a  liquid  layer  on 
the  metal  surface.  After  the  oxide  film  is  eliminated  the  corrosion 
process  is  basically  electrolytic. 


(l)  Numbers  in  parenthesis  identify  references  appended  to  this 
report . 
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labojMillUfy  tgBtrB~aye  eOnd^abtedT  onder  muob  mere  severe  ee^ditlons 
than  would  noamtnslly  be  enoouutered.  At  the  pre seat  time,  no  servloe 
failure  ean  be  attributed  to  salt  oorroaloni  aer  are  there  mT-Wmoi. 
applleeti«3,s  within  the  stress  and  tes^rature  ranges  Hhere  failures 
would  be  expeeted.  The  alloys  being  produced  are  United  by  their  high 
temperature  neohanloal  and  strength  properties,  partloularly  creep,  but 
not  by  salt  corrosion* 


As  new  performance  frontiers  are  sought,  however,  the  demands  Increase 
for  materials  to  withstand  operation  at  increasingly  higher  tempera¬ 
ture  and  stress  levels.  Super-alpha  and  heat-treated  alpha-beta  alloys, 
having  favorable  hlgh-tenqperature  mechanical  and  strength  properties, 
have  been  developed  recently*  However,  the  high-temperature  applica¬ 
tions  of  these  new  alloys  may  be  limited  by  their  vulnerability  to  salt 
corrosion. 


The  Bureau  of  Aeronautics,  Department  of  the  Navy  recognized  the 
seriousness  of  this  problem  and  awarded  Crucible  Steel  Conpany  of 
America  Contract  NOaa  6O-6OOU-C  to  conduct  a  research  study  on  the 
salt  corrosion  phenomena.  This  research  program,  based  on  our 
proposal  ML-59-30,  dated  28  Hay  1959,  had  the  following  objectives, 

1.  To  study  the  natviro  and  mechanism  of  the  corrosion  and  cracking 
of  titanium  by  salt  at  elevated  temperatur'es , 


2.  To  evaluate  the  performance  oharaoteristlos  of  the  newer  titanium 
alloys,  especially  Ti-8Al-lMo-lV,  Tl-12Zr-7Al,  and  Tl-SAl-SZr-l 
(Cb  Ta),  under  conditions  which  may  result  In  salt  corrosion 
and  cracking. 


3,  To  apply  coatings  for  salt  corrosion  resistance. 

4.  To  study  the  Influence  of  processing  and  alloying  In  an  effort  to 
minimize  salt  damage  at  high  temperature  and  stress  levels. 


These  objectives  were  pursued  by  combining  a  fundamental  study  of  the 
hot  salt  corrosion  phenomena  to  provide  a  basis  for  suggesting  means  of 
increasing  the  corrosion  resistanoa  of  titanium-base  materials  with  an 
investigation  of  coatings  and  special  processing  designed  to  protect 
titanium  against  salt  corrosion  at  elevated  temperature  and  stress. 


II.  3DMHAHY  AND  OONGLTSIONS 

This  report  describes  research  conducted  under  the  Bureau  of  Aeronautics,  1 
Department  of  the  Navy,  Contract  NOas  60-60Q4-O*  The  objectives  of  this  1 
program  were  to  study  the  basic  salt  corrosion  phenomena,  and  means  for  1 
minimizing  the  damage  caused  by  salt  on  the  super-alpha  titanium  alloys  | 
at  elevated  temperatures,  4 
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— Tfie  eendltlaftsTTor  reaction  and  the  prbdwts  of  reaetloa  were  eatab- 
Ilshed.  Tbs  roeotlon  requires  oxygen  or  a  redneible  oxide,  and  is 
aooelerated  by  certain  oxides.  Ohlorlne  la  an  lotp>ortant  reaetlen 
product}  It  attaebs  titanium  readily  and  Is  raeyoled  by  the  oxidation 
of  the  titanium  salts.  Conaequently,  a  trace  of  obloride  salt  can 
produce  extensive  damage.  The  damage  is  a  direct  function  of  time, 
temperature  and  stress  level.  Bvldenoe  was  also  found  of  a  liquid 
corrosion  phase  above  about  HOOF  which  la  coincident  with  a  marked 
Increase  In  general  salt  corrosion. 

In  the  super-alpha  alloys  and  T1-6A1-4V  (C120AV),  the  threshold  for 
general  salt  attack  oocurred  at  800F.  Application  of  stress  reduced 
this  threshold  attack  to  600F.  The  upper  teoq>erature  limit  for  stress 
corrosion  waa  found  to  be  alloy  dependent,  l.e.,  SOOF  for  T1-6A1-4V, 
900F  for  T1-6A1«1Mo-1V  and  above  lOOOP  for  Tl-12Zr-7Al.  Stress  does 
not  appear  to  accelerate  general  attack  or  promote  stress  corrosion 
cracking  above  these  temperatures.  The  rate  of  attack  is  then  tem¬ 
perature  dependent. 

In  the  study  of  processing  effects,  it  was  discovered  that  the  super- 
alpha  alloys  could  be  senaitlKed  to  both  aqueous  stress  corrosion 
cracking,  and  to  elevated  temperature  salt  attack,  by  prior  excessively 
higb-tomperatura  exposures.  As  a  corollary  to  this  effect,  improved 
resistance  to  salt  attack  was  obtained  by  laboratory  processing  at 
temperatures  below  the  recryatalllzatlon  temperatures.  Evidence  to 
date  indicates  that  high-temperature  sensitization  In  titanium  alloys 
Is  associated  with  alloy  partitioning  and  the  formation  of  a  sub- 
mlcroacoplc  secondary  phase. 

Of  the  numerous  surface  treatments  and  coatings  tested,  nickel  plating 
and  aluminum  coating— both  dip  and  flame  spray— offered  the  beat  pro¬ 
tection  against  salt  attack.  When  applied  with  a  minimum  thickness 
of  0.002  inches,  protection  was  obtained  to  lOOOF.  Nickel-plated,  as 
well  as  aluminum-coated,  material  suffered  a  decrease  In  room  tempera¬ 
ture  fatigue  strength  which,  however,  we  believe  may  be  remedied  by 
development  of  improved  techniques  for  surface  preparation  and  coating. 


RECOMMENDATIONS 


The  results  of  this  exploratory  Investigation  on  the  problem  of  ele¬ 
vated  temperature  corrosion  In  titanium  alloys  has  yielded  further 
Information  on  the  natvure  and  msohanlsm  of  the  corrosion  phenomena. 

In  addition,  the  dlsoovery  that  titanium  alloys  can  be  ’’aenaltlzed* 
by  exeeaalvely  high  temperature  exposures  Is  likewise  of  basic  Impor¬ 
tance.  These  results  together  with  findings  on  the  special  alloying 
phase  of  this  report  strongly  suggest  the  following  areas  of  study 
for  a  solution  to  the  salt  corrosion  problem: 
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1.  A  ftmdajaental  study  to  elucidate  further  the  role  and  algnif loanee 
of  the  llqiuld  eorroslon  phase* 

2*  The  eompoaltlon*  nature*  and  role  of  the  metallurgleal  phaa&a  in» 
TOlTed  In  the  aenaltlxlng  phenomena.  Since  all  of  the  studies  to 
date  indicate  this  phenomena  to  be  aasoolated  vlth  alloy  partition¬ 
ing  and  the  formation  of  a  fine  secondary  phase*  a  study  of  the 
phenomena  uould  necessarily  include  electron  micrography  and 
electron  probe  analyses. 

3.  A  theoretical  and  empirical  study  of  Individual  and  multiple  alloy¬ 
ing  elements  to  catalogue  their  effects  on  the  corrosion  phenomena. 
Bare,  theoretical  consideration  of  alloy  additions  would  include 
deoxidation  capacity,  electrochemical  nobility,  and  atomic  size  of 
both  the  metal  addition  and  its  oxide. 

4.  The  application  of  these  and  previous  findings  for  the  development 
of  additional  salt  resistance  in  the  important  current  and  new 
titanium  alloys. 


IV.  LITBRATTRE  3IRVEY 

The  literature  was  surveyed  for  the  moat  part  from  1950  to  the  present. 
Primary  Importance  was  placed  upon  Titanium  Abstract  Bulletin,  Crerar 
Metals  Abstracts,  Chemical  Abstracts,  and  the  ASM  Review  of  Metal 
Literature  as  reference  sources.  The  original  articles  were  consulted 
when  available,  but  in  the  case  of  foreign  language  articles  reliance 
was  usually  placed  upon  the  abstracts  for  an  understanding  of  the  text. 

With  the .exception  of  TML  Report  No,  00^^^  and  WADD  Technical  Report 
60-191^^',  there  Is  little  published  Information  directly  related  to 
the  problem  of  the  dry  salt  corrosion  of  titanium  at  elevated  tempera¬ 
ture  and  stress,  A  series  of  articles  Is  available  on  the  oorroslon 
of  titanium  by  molten  salts  and  these  will  be  discussed  later.  Articles 
on  the  oorroslon  testing  of  titanium  in  aqueous  salt  systems  were  ex¬ 
cluded  from  consideration  except  In  those  few  oases  where  stress 
corrosion  eraeklng  was  of  primary  importance.  It  would  be  well  to 
begin  by  examining  the  state  of  the  art  as  it  applies  to  the  hot  salt 
corrosion  of  metals  other  than  titanium  before  entering  Into  the 
titanium  oorroslon  problem, 

A,  Salt.  Corrosion  of  Metals  Other  Than  Titanium 

Previous  investigators  of  salt  corrosion  were  oonoemed  almost  ex¬ 
clusively  with  the  effects  of  molten  salts  upon  metals.  Older  these 
conditions  there  Is  limited  access  of  oxygen  to  the  metal  surface,  and 
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lS”maBy  oaaes  the  vapors  above  the  aalt  batha  are  more  eerroalve  than 
the  salt  bath  Itaelf. 

A  reee&t  paper  deals  with  the  rapid  Intergranular  attack  of  l8*^S 
stainless  steels  by  oxygen  and  dry  sodium  chloride  at  elevated  tem¬ 
perature'^'*  The  corrosion  prooesa  Involves  the  migration  of  oxygen 
and  metal  vapor  to  the  metal  surface  where  they  apparently  react  with 
chromium  or  chromium  oxide  in  the  steel  to  form  a  non-prot active 
sodium  chlorate  containing  scale*  Chromium  carbide  in  the  grain 
boundarlea  aeoeleratea  inter granu].ar  attack*  Stress  appears  to  have 
only  a  minor  influence  on  the  rate  of  reaction* 

Several  studies  were  made  on  the  corrosion  of  metals  in  fused  alkali 
halidea*  Inconel  electrodes  are  found  to  be  only  slightly  attacked 
by  fused  sodium  chloride-potassium  chloride  at  15OOF  unless  the  bath 
la  made  alkaline*  However,  very  large  amounts  of  alkali  depress 
electrode  deatruotion'U) .  Russian  investigators  showed  the  rate  of 
corrosion  of  iron  increases  with  temperature  In  molten  oarnallite 
{KCl»MgCl2*6H20)  dehydrated  with  dry  hydrogen 
rate  decreases  in  molten  camallite  dehydrated 

(iuroviob(°) studied  the  oorroalaa  of  nickel,  copper,  and  several  steels 
in  molten  potassium,  sodliim,  and  lithium  chlorides  and  found  that 
corrosion  Incresaea  for  the  same  metals  with  the  following  order  of 
the  cation  radlusj  L1C1>  NaCl  >KC1,  (The  reverse  order  was  found  to 
hold  true  for  titanium. )'3o)  Elootrooberaleal  studies  of  nlekol, 
copper,  and  Iron  versus  a  platinum  electrode  In  fused  alkali  halides 
show  the  galvanic  corrosion  to  be  smaller  than  the  actual  corrosion 
of  the  metal  by  the  fused  salt.  The  ratio  of  both  types  Is  influenced 
by  the  salt  Ions''/, 

The  corrosion  of  niokel-base  superslloys  by  potassium  chloride  and 
lithium  fluoride  was  studied  at  temperatures  of  I6OO  to  1900P'°/» 
Oxygen  was  necessary  for  corrosion  to  occur,  but  stress  serves  mainly 
to  rupture  apeolmeus  already  weakened  by  severe  Intergranular  attack. 
The  aalt  prevented  the  formation  of  a  protective  oxide  film  and  the 
oxide  oorrosion  produota  differed  from  those  normally  formed  in  the 
absence  of  salt. 

Investigations  on  the  oorapatlblllty  of  metals  with  fused  fluoride 
salts  show  that  protective  filma  are  fluxed  away  by  molten  fluorides 
exposing  the  natal  surface  to  an  aooelerated  attack  by  the  salts' 7). 

OuFovleh^^^^also  investigated  the  oorrosion  of  nickel,  copper,  dur¬ 
alumin^  and  some  steals  in  molten  nitrates  of  lithium,  sodium,  and 
potassium*  The  metals  were  found  to  lose  weight  through  solution  and 
gain  weight  through  scaling.  Colored  surface  filma  ware  obtained* 

The  cation  radius  does  not  have  as  deeided  an  affect  on  the  rate  of 


chloride,  whereas,  the 
with  ammonium  chloride'^/* 
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oorroilon  as  liaa  rouBa  to  "be  the. base  In  an  earlTer  Invest  1- 

gatlon  eoQdueted  In  molten  alkali  halldes^”^* 

Xhe  realatanoa  of  alxtyflTe  oaat  lroii"nlekel*»ehz>omluni  alloys  to 
oorroalon  In  molten  neutpal  heat  tpeating  salts  vaa  studied  by  ^aek- 
son  and  la  Cbanoe^^^^.  Intergranulap  oorroalon  along  eapblde  netuopks 
Is  found  to  be  more  severe  than  metal  loss  by  solution. 

The  effects  of  molten  boron  oxide  on  high-temperature  alloys  were 
studied.  Some  alloy  oonstituanta  such  as  titanixim  at  low  oi^oent ra¬ 
tion  levels  reduce  alloy  resistanoe  to  molten  boron  oxide' 

Smlth^^3»l4» l5)and  his  oo-workers  showed  selective  leaohlng  of  alloy¬ 
ing  elementa  to  be  a  predominant  aspect  of  the  oorroalon  of  nickel 
base  materials  in  molten  sodium  hydroxide.  Subsurface  porosity 
develops  into  a  maze  of  ohannels  which  in  most  eases  travel  through 
the  bulk  of  the  material.  Several  review  and  survey  articles  are 
available  whloh  are .IndloatlYe  of  the  interest  in  the  fused  hydroxide 
oorroalon  of  metalallb.iy.lo) ^ 

B.  High  Temperature  Properties  of  Titanium  and  Titanium  Alloys 

Several  articles  are  available  which  provide  Information  on  the  high 
temperature  properties  of  titanium  and  titanium  alloyall9,20,21,22,23) . 
Information  on  the  high  temperature  properties  of  these  materials  may 
be  of  value  for  comparison  purposes  in  the  testing  program,  TML  Report 
No,  82  also  presents  an  extensive  bibliography  on  the  subject, 

C.  Oxidation  of  Titanium 

Slnoe  hot  salt  corrosion  appears  to  be  an  oxidation  process  which  pro¬ 
ceeds  by  first  destroying  the  normally  protective  oxide  film.  Informa¬ 
tion  on  the  oxidation  of  titanium  is  important. 

The  oxidation  of  titanium  proceeds  by  two  mechanisms!  (1)  the  format 
tlon  of  a  surface  film,  and  (2)  dlffxislon  of  oxide  into  the  metal'^'. 
Phase  boundary  reactions  are  the  rate  controlling  factora  in  the 
initial  stages  of  oxidation,  b^  in  time  the  rate  of  diffusion  through 
the  oxide  scale  gains  oontroivo}.  The  oorroalon  ooours  In  stages 
involving  ohemlsorptlon,  penetration  of  oxygen  by  oheadsorptlcn  Into 
the  metal  lattice,  diffusion  of  oxygen  in  titanlura^^®',  and  the 
apparent  diffoalm  of  titanium  ions  outward  through  the  layers  of 
tltanlw  dioxide (25) .  The  diffusion  prooesaes  are  not  fully  under- 
8toodl27;,  The  speed  of  heating  and  the  pressure  of  oxygen  also  exert 
a  strong  inflnenee  on  the  oxidation  of  tltaniw^^^. 

Kofatad  and  Hauffe^^^^ stud led  earlier  work  on  the  oxidation  rate  of 
titanitm  to  explain  the  mathematieal  ralationahips  that  exist  between 
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time  aad  Wtlditiraa*  Belov  575?*  they  found  8  slov,  logapttjhmlc  j»®- 
latlonship*  Aheve  575?  absorption  of  oxygen  beoomss  netioea1s^e_4Q0ucl 
betveea  about  650P  md  ISOQF  a  eubio  relatlcnshlp  holds*  From  about 
13Q0F  to  1525?  the  velatlonsbip  Is  parabollo  and  from  157^  to  itfOP 
It  la  linear.  As  oxygen  abaorptltn  Inoreaaed  the  study  beoame  more 
dlffloult*  but  oboue  175OF  the  results  Indicate  a  parabolic  relation¬ 
ship* 

Kofstad'  ^'propoaes  the  following  mechanism  for  the  oxidation  of 
titanium:  the  logarithmic  rate  lav  is  interpreted  as  oxide  film 
formation  possibly  governed  by  a  Mott-type  mechanism;  the  cubic  rate 
lav  is  associated  with  the  diffusion  of  oxygen  into  the  titanium 
metal;  the  parabolic  rate  lav  is  related  to  the  ustial  high  temperature 
mechanism  as  described  by  Wagner;  and  the  linear  rate  lav  results  from 
cracks  in  the  oxide  scale  brought  about  by  stress. 

The  ultimate  product  of  the  high  temperature  oxidation  of  titanium  la 
the  rvttlle  modification  of  titanium  dioxide  (TIO^).  however,  the 
possibility  of  lower  Intermediate  oxides  exists.^  Trlllat 
that  at  temperatures  of  about  575?  pnd  750F  and  reduced  oxygen  pres¬ 
sures  of  5  X  10-3  mm  Hg  and  2  x  10*'4  ram  Hg,  respectively,  titanium 
monoxide  (TIO)  was  formed,  but  In  the  same  order  at  temporatiu’es  of 
75OP  and  1025?  and  at  the  same  low  oxygen  pressures  the  products  are 
enataae  and  rutile.  Another  Investigation  showed  a  colored  corrosion 
product,  which  resembled  titanium  sesquloxide  (TlpO.)  and  titanium 
trloxlde.  (TIO^),  to  form  as  a  film  on  titanium  In'^  -^air  at  around 
1475PV30;,  An  examination  of  the  Inner  poroua  layers  of  titanium 
samples  annealed  at  about  lh75P»  1825P,  and  2200P  showed  them  to  oon- 
slet  of  titanium  monoxide,  titanium  sesquloxide,  and  t Itanium. dioxide ; 
the  outer  layer  of  titanium  dioxide  has  a  rutile  struct ure ^ 

A  recent  Russian  investigation  showed  moist  air  to  be  less  corrosive 
than  dry  air  below  13OOF,  but  at  higher  temperatures  moist  air  vas 
more  oorroslve.  The  Inveatlgator  attributed  the  sharp  Inorease  in 
oorroaion  rate  above  130pF  to  diasoolatlon  of  water  vapor  and  Its 
effeot  upon  the  reaotlon(32). 

The  oxidation  behavior  of  titanium  la  summed  up  in  the  abstracts  of 
a  recently  published  artlole(337.  Some  of  the  espeota  of  the  oxidation 
of  titanium  are: 

1*  Effect  of  tco^erature  -  rapid  oxidation  above  13OOF. 


*Cantlgrade  temperatures  have  been  converted  to  their  approximate 
Fahrenheit  equivalents  for  conslatenoy  In  this  report. 
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2.  Sffeot  of  pressure  -  a  siinliinui  oxidation  rate  exists  at  a 
eertaln  pressure  for  a  giyen  temperature, 

3*  ’’Whisker"  formation  on  the  oxidised  surface  -  maximum 

deyelopment  apparently  correlates  vith  the  above  pressure 
effect • 

4*  Effect  of  nitrogen  In  air  »  Its  oxidation  inhibiting  effect 
is  much  stronger  than  that  vhioh  could  be  attributed  to 
dilution* 

5*  Effect  of  alloying  elements  -  aluminum,  oolumblum,  tantalum, 
and  tungsten  decrease  the  oxidation  rate,  and  tin  increases 
it*  Colufflbium,  tantalum,  and  tungsten,  however,  do  not  pro¬ 
duce  the  important  oxidation-inhibiting  action  expected  by 
the  theory  stressing  the  importance  of  unoccupied  oxygen 
sites  in  the  rutile  lattice* 

6*  Dlff vision  -  titanium  diffusion  through  the  oxide  layer  plays 
a  much  more  Important  part  In  the  oxidation  process  than  la 
currently  believed* 

D*  Hot  Salt  Corrosion  of  Titanium 

Published  Information  on  the  hot  salt  corrosion  of  titanium  falls  Into 
two  categories— the  corrosion  and  cracking  of  titanium  by  dry  salt  and 
corrosion  and  pyrosol  formation  In  fused  salts*  Corrosion  In  fused 
salts  usually  occurs  at  a  higher  temperature  with  limited  access  of 
oxygen;  corrosion  by  dry  salt  occurs  above  about  600P  and  In  the 
presence  of  a  large  excess  of  oxygen  (air), 

1*  Dry  Salt  Corrosion  of  Titanium  at  Elevated  Temperature  and 
Stress 


A  report  on  the  dry  salt  corrosion  of  titanium  alloys  at  ele¬ 
vated  temperatures  and  stress  was  prepared  by  the  four  major 
titanium  producers  and  Pratt  and  Whitney  Aircraft  and  Issued 
as  TML  Report  No*  88  in  November  19^7’^'*  alloys 

reported  In  this  publication  are  vulnerable  in  varying  degrees 
to  salt  corrosion  at  elevated  temperatures  with  the  extent  of 
the  damage  dependent  upon  the  load,  time  and  temperature. 
Stress  corrosion  cracking  per  se  Is  reported  above  600F;  rapid 
general  corrosion  of  unstressed  samples  occurs  above  HOOF. 

Phe  report  proposes  the  following  mechanism  to  account  for  the 
hot  salt  corrosion  of  titanium; 
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-  (i)  a.  2Ha01  *  T1  ♦  Og  = 

b.  2Na01  ♦  T1  ♦  SJiOg  +  iOg  s  NSgTiO^  -f  nOlg 

(2)  TlClg  Og  =  TlOg  +  Clg 

(3)  T1  +  Clg  =  TlClg 

MioFwSscplo  examlnatioii  of  a  aample  of  T1-75A  >  few  mlnubes 
after  removal  from  a  ftonaaee  in  which  the  sample  was  held  for 
two  hours  at  HOOF  revealed  corrosion  pits  filled  with  a  black 
substance.  As  the  specimen  cooled,  rapid  llquefloatlon  of 
this  black  substance  occurred  and  was  followed  by  the  evolution 
of  a  gas.  The  above  Items  are  oonslatent  wlthtiie  ohemlstz'y  of 
titanium  dlohlorlde.  At  high  temperatures  titanium  dlohlorlde 
should  react  with  the  oxygen  In  the  air  to  yield  titanium 
dioxide  and  free  chlorine,  however,  attempts  to  detect  chlorine 
In  the  corrosion  studies  failed  In  the  presence  of  pure  sodium 
chloride.  Cas  having  the  color  and  odor  of  chlorine  was  ob¬ 
served  when  the  solid  corrosion  product,  resulting  from  the 
high  temperature  exposure  of  titanium  to  a  mixture  of  soditun 
chloride  and  an  acidic  oxide,  was  broken  apart.  Addle  oxides 
were  reported  to  accelerate  tho  hot  salt  corrosion  of  titanium, 
bxit  the  specific  effect  of  the  oxides  on  the  corroslori  mechanism 
is  in  doubt.  The  presence  of  oxygen  or  a  reducible  oxide  Is 
necessary  for  continuation  of  the  reaction  mechanism.  For  this 
reason  there  was  no  attack  of  titanium  samples  by  sodium  chloride 
in  experiments  conducted  under  high  vacuum  or  argon  atmospheres. 
However,  the  concentration  of  oxygen  was  found  to  have  little 
effect  on  the  rate  of  corrosion.  Sodium  chloride  may  not  react 
with  titanium  dioxide  in  the  absence  of  titanium  metal,  but  the 
protection  afforded  by  a  dense  adherent  film  of  titanium  dioxide 
is  not  sufficient  to  protect  the  metal  from  hot  salt  corrosion. 

Work  done  at  Armour  Research  Foundation  showed  that  film  pro- 
teotlcn  is  lost  by  direct  ohemloal  reaction  of  the  chloride 
salt  with  the  oxide  fllm'^'.  After  elimination  of  the  film, 
sodlxim  chloride  and  titanium  react  eleotrochemlcally  to  form 
tltanlxun  dlohlorlde.  According  to  the  proposed  mechanism, 
the  dlohlorlde  dlsproportlonates  to  form  the  trl-  and  tetra¬ 
chlorides  which  depress  the  melting  point  of  the  salt  layer 
adjacent  to  the  metal  to  form  a  liquid  salt  mixture.  The 
corrosion  rate  Is  proportional  to  the  amount  of  fused  salt 
present • 

2.  Corrosion,  of.  Titanium  In  Fused  Selt_a 

Host  of  the  related  work  which  may  shed  light  on  the  salt 
eorroslon  of  titanium  was  performed  in  molten  sodium  chloride 
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by  Straumanls  and  hla  asaoolates^^^  ,  It  was  fomd 

that  titanium  corrodes  quickly  under  the  surface  of  molten 
sodium  chloride  in  the  presence  of  air.  The  observed  process 
Is  an  oxidation  In  which  oxygen  diffuses  through  the  melt  and 
dissolves  In  the  metal.  At  a  ocncentratlon  of  6.2  weight  per 
cent  oxygen  the  surface  layer  breaks  off  and  disperses  Itself 
In  the  melt.  The  separation  of  the  surface  layer  of  TIO  from 
the  metal  gives  rise  to  the  observed  rapid  corrosion.  Tne 
weight  loss  vs  tip. and  the  rate  vs  temperature  relationships 
are  both  linear ^ 33 / ,  ^he  chief  corrosion  products  are  a 
dispersion  of  titanium  metal  In  the  molten  salt  (pyrosols) 
mixed  with  titanium  oxides.  The  liquid  mixture  is  dark  gray, 
but  appears  blue^blaok  In  the  solid  state.  Small  amounts  of 
white-to*yellowlsh  oxides,  which  appear  on  the  surface  of  the 
salt  bath,  consist  mainly  of  titanium  dioxide.  Progressively 
less  corrosion  occurs  in  potassium,  sodium,  and  lithium 
chloride  melts.  The  most  severe  corrosion  was  noted  in  molten 
equimolar  mixtures  of  sodium  chloride  and  sodium  fluoride(36) . 
At  higher  tenperatures  lower  chlorides  of  titanium  are  formed, 
possibly  by  the  reaction  of  the  pyrosols  with  the  melt  accord¬ 
ing  to  the  reaction 


T1  +  3  NaCl  =  TlCl^  +  3  Na 

The  sodium  partially  evaporates  at  working  temperatures  of 
1650P  and  greaterO?).  The  pyrosols  have  been  used  to  coat 
ceramic  and  metal  objects  with  t Itanium' 39; , 

Of  twenty  metal  chlorides  tested  only  the  chlorides  of  Iron, 
nickel,  copper,  cobalt,  and  cadmium  were  found  to  promote  the 
corrosion  of  titanium  in  fused  salt.  The  reaction  appears  to 
occur  as  follows: 


T1  +  3  CuCl  3  Cu  +  TlCl^ 

T1  +  2  CuCl  =  2  Cu  +  T1C1„ 

e. 

In  time,  a  white  vapor,  from  the  hydrolysis  or  oxidation  of 
tltanliui  tetrachloride,  appears  above. the  melt  and  suggests 
the  following  reactions  take  plaoe'4o;: 

3  TlClg  =  Ti  +  2  TlCl^ 

k  TlClj  “  T1  +  3  TiClj^ 

Measurements  of  the  eleotroohemlcal  potential  of  a  cell  ocn- 
slstlng  of  titanium  encased  In  a  porous  alumina  dlaphragmj 
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sodium  ehloplde,  potassium  chloride,  or  a&  equimolar  mlssture  of 
the  two  salts}  and  platinum  were  made  at  temperatures  of  147^ 
and  1650F.  An  e.m.f,  of  about  O.^V  was  oonalatently  measured 
In  the  presence  of  a  vacuum  or  Inert  gas.  In  the  presence  of 
air,  oxygen,  or  water  vapor,  e,m,f,*a  of  1,42-1.53V  were  ob~ 
served.  It  was  presumed  that  oathodlo  depolarization  was 
responsible  for  the  ohange  and  that  the  net  overall  reaction 
shown  below,  results  In  the  formation  of  titanium  tetra- 
ohlorlder4l). 

4-  li'*’ 

T1  +  4  Na  +  O2  =  Ti^  +2  NSgO,  or, 

T1  +  4  NaCl  +02  =  TlClj^  4  2  Na20 

Kreye  and  Kellogg^^^ ^discussed  the  equilibrium  that  exists  be¬ 
tween  titanium  metal,  titanium  diohloride,  and  titanium  tri¬ 
chloride  in  sodium  chloride-potassium  chloride  melts.  In  the 
temperature  range  of  1300-147^F  divalent  titanium  makes  up 
87*'91  percent  of  the  total  titanium  dissolved  in  the  salt;  the 
remainder  of  the  dissolved  metal  with  the  exception  of  less 
than  one  percent  as  tetravalent  titanium  is  trlvalent  titanium. 
The  equilibrium  constant  for  the  reaction 

TlCl^lNaCl-KCl  melt)  +  ^T1®(C)  =  3/2TlCl2(NaCl-KCl  melt) 

is  apparently  a  function  of  the  total  titanium  concentration 
in  the  melt.  These  resists  are  in  agreement  with  the  findings 
of  Mellgren  and  Ople'43)who  found  78-93  percent  of  divalent 
titanium  in  sodium  chloride-strontium  chloride  melts  between 
1200  and  147^F*  Varying  the  solvent  composition  In  this  case 
markedly  affects  the  equilibrium.  The  amount  of  divalent 
titanium  in  the  melt  decreases  with  Increasing  sodium  chloride 
content • 

showed  that  the  relationship  between  log 
and  the  aodixvn  content  of  the  bath  is  linear 
titanium  content  of  the  bath  and  discussed  the 
mechanism  of  titanium  deposition  from  fused  sodium  chloride. 

Skinner  and  Ruehrweln^^^^ determined  the  equilibrium  in  the 
reaction  of  titanium  with  sodium  ohlorlde.  The  following 
reaction  is  found  to  proceed  to  a  measureable  extent  at  tem¬ 
peratures  of  2575  to  332^P: 

2  NaCKg)  4  Ti(o)  =  2  Na(g)  4  TlCl2(g) 

Approximate  thermodynamio  oaloulaticms  show  that  titanium  di¬ 
ohloride  is  the  only  titanium  chloride  present  in  an  appreciable 
amount  • 


Dean,  etal^^^» 
TICI3/TICI2 
for  a'^constant 
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Kmorek  and  KbraayBsako'^  ‘  ^  preaanfred  a~pfaa  sb ~  dtagpgBrfiWP 
the  titanium  diohloplde<»aodlum  oblorlde  system*  fUe  euteetlo 
point  occurs  at  1121F  and  ^0  weight  percent  of  titanium*  A 
perltectlc  reaction  at  116^  resets  in  the  formation  of 
NaCl^TiClo*  Another  compound*  2lfaCl*TiCI^  deooim>oses  in  the 
solid  state  at  10I8f.  ^ 

An  Investigation  of  the  equilibrium  between  titanium*  titanium 
tetraobloride*  and  titanium  dlohlorlde  revealed  that  the 
reaction  of  titanium  with  titanium  tetrachloride  begins  et 
650F  to  form  titanium  dichlorlde*  and  that  the  decomposition 
of  tltanliun  dlohlorlde  to  titanium  and  titanium  tetrachloride 
begins  at  1200PV4o). 

E*  Fusion  Products  of  Sodium  Compounds  and  Titanium  Oxides 

Conjeaud^^^^made  a  study  of  the  condenaatlcin  products  of  titanla  vapor 
on  single  crystals  of  heated  halides.  The  thin  films  of  titanium  di¬ 
oxide  when  condensed  on  crystals  of  sodium  chloride*  potassium  chloride, 
sodium  iodide,  and  potassium  Iodide  and  heated  above  842F  show*  by 
electron  diffraction  techniques*  polyorystalllne  patterns  that  do  not 
correspond  to  snatane,  rutile  or  brookite.  Conjeaud  believed  that  an 
orthotltanate  or  add  tltanate  Is  formed  as  the  reaction  product. 
Thermodynamic  calculations,  presented  In  another  section  of  this 
report,  also  indicate  that  sodium  tltanate  is  a  key  product  in  the 
corrosion  of  titanium  by  salt  at  elevated  tomperatures » 


The  Biireau  of  Mines  provided  data  on  the  heat  gtoitents  and  heat  cap¬ 
acities  of  Na-TlO-,  Na-TlpO,^,  and  HapTi,0y'50,5i 7 ,  These  compounds 
are  prepared  Dy  heating  tne^stolohlometrlo  amounts  of  sodium  carbonate 
and  titanium  dioxide  In  a  platinum  crucible  at  16^0  to  2000P  for 
several  hours  with  conatant  pumping  to  remove  the  carbe/n  dioxide.  X-ray 
examination  proved  the  crystalline  character  of  tha  prepared  materials, 
but  no  data  were  available  for  checking  the  different  patterns. 


X-ray  powder  photographs  taken  by  Barblan^^*^^  Indicate  that  Na<,Ti 
has  a  structure  similar  to  that  of  Na^TlpOK*  but  has  a  smailor'^tjn 
cell*  NagTlO,  evidently  has  a  dlfferfet  of  structure.  Rotation 

photograpna  taken  aromd  the  C-axls  of  NapTl-O^  show  the  unit  call 
contains  eight  molecules  of  NapTi-O^j  with  the  ^following  dimensions: 
a,  13«49;  b,  16.66;  o*  3,80a;  ^3»42.  A  structure  of  linked 

ootahedra  similar  to  vanadium  pentoxlde  Is  suggested. 


The  formation  of  sodium  tltanates  from  sodium  carbonate  and  titanium 
dioxide  starts  with  the  decomposition  of  sodium  carbonate  and  diffusion 
of  the  resulting  sodium  oxide  into  the  titanluiri  dioxide.  The  tltanate 
forms  in  the  solid  phase  as  the  oulmlnation  of  a  series  of  Interactions 
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- two  oxides  during  which  the  chemical  and  phyaictl  prnj 

ties  chattga  gradually  with  «lae  end  temperature.  The  ljaj.tial 
of  the  reaction  has  a  metatltanate  conposltlen  (probably  a 
corresponding  to  a  yap0*T10p}  regardless  of  the  altlmate  preductr  tht 
mixtures  of  different ‘^report Ions  form  the  metatltanate  only  at  tear* 
peratures.^gher  than  those  needed  for  the  formation  of  the  other 
oompounda\537. 

The  generally  aooepted  melting  points  for  the  compounds  were  reported 
by  Washburn  and  Bunting '54) and  are  as  follows:  Na  TIO  ,  1886P; 
Ha-Tl-O-,  10O5P;  and  MapTloO,,  2062P*  Budnikov  ana  Tresvyat8«kiy 
reported  melting  points  of ■^2666P  for  Na^Tl-O-  and  188IP  for  NaoTl^O^.  . 
They  found  no  evidence  for  the  existence  ^  'of  NapTlO,  and  Na^TigO^ 
by  thermal  analysis  In  a  range  of  from  100  to  55  mole  percent  of 
titanium  dioxide. 

Lux^^^^ investigated  the  equilibrium  In  the  NapO-TlOp  system  and  found 
that  NapTlpOt^  la  leas  baaic  than  NB2TI2O,  In  ‘^tha  eotectle  mixture 
mole  percent  of  titanium  dioxide  and^l805P) '55)  and  decomposes  to 
soluble  Na_0-KapT10  and  an  insoluble  T10--rloh  product  according  to 
the  following  react  Iona; 


2  KagTlpO^ 


NOpTlO^  +  NapTl^O^ 


3  Na^TlO^  =  2  Na20  +  NapTi^O^ 

In  addition  to  the  compounds  already  mentioned,  a  number  of  sodium 
tltanatea  of  a  variety  of  composltlona  have  been  reported  in  the 
literature,  Vlltange'57)reported  the  preparation  of  NapTlO.  by 
heating  sodium  peroxide  and  titanium  dioxide  in  the  solid  ^atate. 
Blchowaky'59)reported  the  formation  of  Na.  Ti^O-  and  NagTijO^  by 
heating  titanium  carbide,  titanium  nitride  -^and  sodium  csrocnate 
below  the  melting  point  of  sodium  carbonate.  Sodium  cyanide  is 
formed  quantitatively  during  thia  reaction  and  la  removed  by  distil¬ 
lation  at  273OP,  If  either  Nsi  Tl-0„  or  NapTl-O^  react  with  water 
NapTlzO, ,  and  aodlum  hydroxlde'^are  'formedf  ^  ®  NapTltO. ,  la  reported 
to'^be “quite  stable .  The  existence  of  Na,  TIO,  ,  NaoTl^O®,  ,  and  HapTi^O. 
were  detected  by  reacting  titanium  dloxlue  4wlth“  5  l4sodlum  ^  ^ 
hydroxide '59) ,  NaHFlO^  is  also  reported  as  a  product  of  this  i>eaotian 

Reaction  was  reported  between  a  titanium  crucible  containing  a  high 
obromimn  alag  and  a  flux  of  sodium  peroxide  and  sodium  carbonate  at 
1400P'53^,  The  reaction  was  auffloiently  exothermic  to  transform  the 
metal  to  the  cioloular  structure  td  titanium. 
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F.  Stpeaa  Cerroslon  Qraoklnx  of  Tltanlam  and  glfcaalmn  Allgya 

Xa  addltloa  to  oaualng  general  oorroslon  of  an  onatresso^ 
s{><31uia  chloride  is  also  reported  to  cause  cracking  of  titanium; -alleys 
under  atreaa  at  elevated  temperatures.  All  of  the  oommerolal  all%a 
that  were  tested  are  susceptible  to  cracking  above  certain  tenpera<” 
turea  (600F)  and  stresses  (about  30.000  psiT  in  air  In  the  presence 
of  sodium  chloride.  Neither  the  limits  of  the  oorrosiem  reaction  nor 
the  meohanisffl  has  been  established,  however,  the  reaction  has  been 
shown  to  be  dependent  upon  stress,  temperature,  and  time  and  appears 
to  be  a  form  of  stress-corrosion  cracking  attributed  to  sodium 
chloride'll . 

(62  6  i 

Titanium  la.  In  general,  fairly  resistant  to  stress  corrosion'  '  , 

Stress  corrosion  cracking  has  been  observed  In  only  a  few  environments. 
The  moat  notable  of  these  environments  la  anhydrous  (less  than  1.5 
percent  of  water)  red  fuming  nitric  acid.  Furthermore,  corrosion  may 
proceed  with  the  occurrence  of  an  explosive  pyrophoric  react lon'“il . 

The  pyrophoric  reaction  Is  not,  apparently,  associated  with  stress 
corrosion  cracking  but  depends  on  the  amount  of  water  and  nitrogen 
dioxide  present  in  the  acld(o5).  The  extent  of  corrosion  and  the 
tendency  for  a  pyrophoric  reaction  to  occur  Increases  with  increasing 
nitrogen  dioxide  concentration  and  decreases  with  Increasing  water 
concentration  In  the  system:  nitric  acld-nltrogen  dioxide-water. 

I  These  variables  also  control  the  formation  of  a  dark  coating  of  finely 
divided  titanium  which  preoeeds  the  pyrophoric  reaction'”®' . 


Several  cases  of  stress-corrosion  cracking  have  been  reported  In  the 
presence  of  small  amounts  of  hydrochloric  acid,  but  all  of  these 
cases  Involve  a  Tl-5Al-2.5Sn  alloy.  The  alloy,  stressed  to  90  percent 
of  the  proportional  limit,  failed  In  10  weight  percent  hydrochloric 
acid  at  95F^”7),  Cracking  resulted  from  selective  attack  of  the  beta 
phase  and  propagated  along  the  grain  boundaries.  It  was  proposed  that 
hydrogen  formed  at  the  local  cathodes,  embrittling  the  alloy,  and  con¬ 
tributing  to  Its  failure.  The  Ti-5Al-2,5Sn  alloy  developed  extensive 
cracks  at  the  welded  Joints  after  immersion  In  a  chlorinated  hydro¬ 
carbon  containing  0,017  percent  of  free  hydrochloric  acid  at  700P, 

The  oraoks  were  usually  tranagranular  and  had  a  decided  tendency  to 
follow  the  rolling  direction.  A  correlation  appeared^to  exist  between 
the  stress  level  and  the  auaoeptibllity  to  oraoklng^”°) . 

The  corrosion  of  titanium  by  molten  cadmium  is  a  special  case  of  stress 
eorrosirr.  cracking.  If  the  cadmium  la  molten  and  the  titanium  oxide 
film  is  ruptured  the  oadmium  oenetrates  intergranularly.  If  the 
titanium  Is  under  stress,  oi'-oklng  oecuralo?^ 
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The  auieeptlblllty  to  salt  corrosion  can  bo  redded  by  uw^^of 
octtUlniB  sorvleoable  at  high  temperatures*  Anodic  coat il^s  giTj.,  : 
corrosion  raslatanee  to  titanium  at  lou  tempei^twes  while  ti]etjBll.liC 
or  oeramio  coatings  seem  best  suited  for  high  tenqpersture  appliear 
tlons*  Sleotroplated  metal  coatings  do  not  form  satisfactorily  on 
titanium  unless  proper  surface  treatments  are  first  performed  to 
provide  an  oxide-free  surface  essential  for  the  adhesion  of  the  deposit. 
Sprayed  metal  coatings  tend  to  be  porous  and  may  not  provide  the 
desired  degree  of  resistance*  Evaporated  metal  coatings  (metal  from 
an  electrically  heated  filament  deposits  In  an  Inert  atmosphere)  have 
low  porosity*  but  the  Ijiltlal  Investment  In  coating  equipment  la  high. 
Titanium  alloys  have  not  been  ooated  satisfactorily  with  ceramic  coat¬ 
ings  because  the  metal  tends  to  oxidize  and  become  embrittled  when 
the  oeramio  Is  fused  on  the  surface wO),  Nevertheless,  developments 
in  each  of  the  above  areas  make  them  worth  considering  for  protecting 
tltanlum-baae  alloys  from  salt  corrosion. 


1,  Anodizing  of  Titanium 

Titanium  has  been  anodized  J^.borlc^'^^^  cbromlc^^^\  nltrlc^"^^^ 
perchloric  1 71) ,  phosphoric' ,  and  sulfuric  *  ”i75)  acid  solu¬ 
tions,  and  In  potassium  hydroxide''^'  and  borax^ '‘^'solutions. 

A  rutile  coating  forms  in  boric  and  perchloric  acids  while  In  . 
sulfuric  add  the  coating  Is  a  mixture  of  rutile  and  anataae' 
Those  coatings  offer  some  protection  against  corrosion  In  the 
absence  of  fluoride  salts  In  aqueous  solutions,  however,  It  Is 
doubtful  that  they  would  provide  adequate  protection  against 
salt  corrosion  at  high  temperatures. 

Electrolysis  of  titanium  in  a  O.IN  potassium  chloride  solution 
at  about  12V  gives  a  thixotropic  hydrous  oxide  coating^'®'. 
Anodlzatlon.was  aocompllshed  In  a  fused  salt  eleotrol^e  at 
about 

Cathodlo  hydrldatlon  gives  titanium  a  hydride  film  (TIH.) 
which,  apparently  protect  a  It  from  attack  by  up  weight 

percent  of  hydrochloric  acid  at  room  temporature'70; , 

2e  Metallic  Ooatlnas  for  Titanium 


Titanium,  oan  be  eleo 
ishromlumwV) ,  copper 
silver (80),  and  zlno 
large  amount  of  patent 
electroplating  of  titanium. 


ed  wlt^^ggyoh  metal 


gold< 


nlokel 


WAV. 


ass, 

platinum, 
A 


82; by  conventional  plating  techniques 
literature  exists  (m  the  subjeot  of  the 
Plating  is  generally  sooon^lishad 
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by  oonyentlonal  meena  and  tba  major  dlffe^aaoes  in  pab4^9 
ara  tbe  metboda  of  trotting  the  sample  wlor  to  elsotx*Qp-!b;^tg* 
Tbo  pre-treabment  la  aeoesaapy  bo  pp^o'riae  a  -aiapftn^O-iifiilbr- 
bba  Mbal  being  plated  adherea  readily*  Eeferende  b0j|0^ 
the  patent a  la  given  In. the  bibliography  ahoylng  patent  number* 
date,  and  metal  eoBtlng^°3}« 

Adherent  metal  ooatlnga  oan  alao  be  formed  chemically  by  de¬ 
positing  a  metal  which  is  electronegative  to  the  base  metal. 

This  chemical,  prooeas  Ifotermed  "eleotrolesa"  plating,  Coatings 
of  aluminum^ ,  nlclcol'»5»8o)  ^  nickel-phosphorous' ®7) ,  tin'°°', 
and  zlno^°'7)  have  been  formed  by  this  method* 

Coatings  of  molybdenum  have  been  applied  to  titanium  by  spray 

and  vapor-depoaltlon  methods*  The  wear-resistant  coating 

does  not  change  the  mloroatruoture  of  the  titanium  base '70,91, 92) 

3.  Ceramic  Coatings  for  Titanium 

In  an  article  which  diaouases  potential  applications  for  enamels 
end  ceramic  coatings  In  the  aircraft  Industry  It  is  stated  that 
coatings  for  use  up  to  l^OOP  would  be  required  to  prevent  gas 
absorption  and  protect  the  titanium  metal  from  corrosion.  The 
development  of  such  coatings  should  bo  simplified  by  the  fact 
)  that  enamels  used  for  sheet  steels  can  be  readily  applied  to 

tltanlum'"3) ,  Other  ooatlngs  designed  for  use  In  the  aircraft 
Industry,  such  as  a  soda-boron-alumlnate  glass .base '94;  and  a 
sodium  silicate-cobalt  oxlde-nlckel  oxide  bB8e^^^\  have  been 
developed.  These  coatings,  applied  by  dipping,  spraying,  and 
other  means,  are  annealed  before  use,  and  are  said  to  be  resis¬ 
tant  to  rapid  temperature  changes,  distortion,  corrosion, 
erosion,  and  moisture  encountered  In  engine  and  airplane  parts* 

Beat  and  oxidation  resistant  ooatlnga  have  been  formed  by  oxide 
systems  which  form  tltanates*  Oxides  of  magnesium,  zinc,  and 
beryllium  have  been  used  in  this  respeott96,97) , 

A  carbide  coating  formed  by  heating  titanium  In  pure  hydro¬ 
carbon  vapor  at  1400  to  iSOOF  and  covered  with  a  layer  of 
carbon  la  cited  aa  reducing  tbe„oxldatlon  of  titanium  alloys 
heated  In  air  at  l400  to  Ib^OP^^ST, 

Ammonia  nitrldlng,  reported  a  a  improving  the  creep-rupture 
properties  of  titanium  alloys  In  the  1000-1200F  range,  improves 
the  oxidation  reslatanoe  of  the  metal  at  1200P  aa  voXlnAf  its 
realstanoe  to  boiling  sulfuric  and  hydrochloric  adds' 
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The  free  energy  ohangee  for  a  nuniber  of  reaotlona  pertinent 
to  this  Investigation  are  shorn  as  a  function  of  temperature 
In  Figures  1  through  I4* 


Figure  1  shows  the  free  energy-temperature  relationships  for 
reactions  of  compounds  of  titanium  and  oxygen.  This  figure 
Indicates  that  the  following  reactions  are  Important  to  an 
Investigation  of  the  corrosion  mechanism: 


TKs)  ♦  02(g)  =  Ti02(s) 

-203.7  -182 .U^ 

Tl(a)  ♦  102(g)  «  TlO(a) 

-112.45  -101.25 

T10(3)  ♦  lO^ig)  - 

-  89.25  81.00 

XlO^(a)  ♦  TKs)  =  2T10(s) 

-  20.9  -  20.05 

Figure  2  shows  the  free  energy-temperature  relationships  for 
reactions  of  compounds  of  titanium,  oxygen,  and  chlorine.  In 
this  case  the  reactions  Important  to  the  corrosion  mechanism 
are: 

^F  Reaction  (Iccal) 
LLop  iiliOP 

T1(s)  ♦  Cl2(g)  =  11012(8) 

-105.0  -88.3 

TlCl2(s)  +  iOglg)  =  TlO(s)  +  Cl2(g)  -  7.U5  “12.95 

2T10(s)  +  Cl2(g)  =  TlClgCa)  ♦  TlO^Cs)  -  83.8  -68.2^ 

TiCl2(s)  +  02(g)  =  TlO^Cs)  -»•  Cl2(g)  -  98.7  “9U.15 

It  Is  seen  that  the  chlorination  of  the  monoxide  to  form  the 
dlohlorlde  and  dioxide  haa  a  greater  thermodynamic  probability 
than  does  the  oxidation  of  the  dlohlorlde  to  the  monoxide  and 
chlorine . 
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Figure  3  shows  the  free  energy-temperature  relationships  for 
resotlons  of  eompounda  of  titanium,  oxygen,  ohXorlne,  and  sodium 
and  Illustrates  the  thermodynamic  Incompatibility  of  titanium 
dlohlorlde  and  sodium  oxides  as  corrosion  products. 


A  F  Reaction  (koal) 

\ 

/ 

UliOF 

.  i-.34.OF- 

Tl(a)+2NaCl(a)+|02(g)=TiCl2(8)+Ma20(s) 

-  11.04 

+  9.01 

Tl(  a  )+2NaCl(  a  )+02(  g  )=^1G12  ( 3  )+Na202(  8 ) 

-  47.00 

-  32.00 

TlCl  (s)+Nao0(8)»T10(3)+2NaCl(a) 

2 

-101,41 

-110.26 

TlCl  ( a  )4-Na202  ( a )  =a?i02(  s  )+2NaCl  { s ) 

-185.10 

-183.35 

Figure  4  ehows  the  free  energy-temperature  relationships  for 
reaotlona  which  form  sodium  tltanate.  It  Is  seen  that  the 
most  favorable  ultimate  corrosion  products  below  875P  are 
sodium  tltanate,  titanium  dioxide,  and  chlorine.  There  Is  a 
thermodynamic  probability  that  chlorine  will  react  with  sodium 
tltanate  above  875^  to  form  titanium  dioxide  and  sodium  chloride. 

Reaction  (keel) 
kliOP  l^kOF 

2NaCl(s)42Tl(sK3/202(g)=TlCl^(3)4Na2T10^(8)  -460.7  -214.4^ 

2NBCl(a)+2Tl(3)-»-202(g)=^10(s)4-Na2T10^(8)+Cl2(g)  -468.15  -227.40 

2NaCl(s)4-2TJ.(8)+5/202(g)=T102(sHNa2T10^(3)+Cl2(g)  -5?9.40  -308.6O 

2NaCl{s)+T102(s)+i02(g)=Na2T10^(8)-t'Cl2(g)  -152.00  +  56.30 

Although  thermodynamic  conalderatlona  favor  the  formation  of 
sodium  tltanate,  titanium  dioxide,  and  oblorlne.  It  Is  likely 
that  other  compounds  will  be  Identified  among  the  corrosion 
products  because  of  the  corrosion  mechanism  and  differences 
In  the  reaction  rates. 

2.  Oorroslcn  Mechanism 

a.  The  Role  of  Oxygen  or  a  Reducible,  Oxide 

An  earlier  experiment  performed  in  this  laboratory  demon¬ 
strated  the  need  for  oxygen  or  a  reducible  oxide  to  maintain 
tlM  corrosion  reaction.  A  mixture  of  titanium  dioxide  and 
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sodium  chloride  vere  welded  (in  vacuum)  In  a  oue-lneb 
thick  block  of  titanium  alloy  Tl-5Al"2|Sn  (AllOAT)  that 
was  subsequently  rolled  at  iBOQP  te  ^  inch  and  held  for 
100  hours  at  900F.  The  seotional  pieoes  showed  the  familiar 
corrosion  product  and  demonstrated  that  titanium  dioxide 
can  support  the  reaction.  However,  an  adjacent  cavity 
(the  control,  containing  only  sodium  chloride)  indicated 
that  sodium  chloride  alone  will  not  react  with  titanium. 

b.  The  Reaction  and  Reaction  Products 

The  reaction  is  apparently  complex  and  gives  rise  to  Inter¬ 
mediate  reaction  products,  the  nature  of  which  depends  upon 
time  and  temperature.  For  example,  if  the  unreacted  salt 
is  removed  from  a  sample  that  was  generously  covered  with 
salt  (originally  applied  as  a  slurry)  and  held  at  1200P 
for  21|  hours,  the  reaction  products  are  jet  black.  If,  on 
the  other  hand,  a  minimum  amount  of  salt  is  used  or  If  a 
sample  similar  to  the  above  sample  is  held  for  a  longer 
period  of  time  (about  70  hours),  the  reaction  products  are 
white  or  yallow-whlte.  The  products  are  layered  and  shown 
by  x-ray  analysis  to  oonslat  of  mlxtui'es  of  aodjtAm  chloride 
and  titanium  dioxide,  with  the  sodium  chloride  concentration 
decreasing  in  layers  closer  to  the  metal  surface.  In  some 
samples  of  the  corrosion  product,  titanium  monoxide  has 
also  been  Identified  by  x-ray  diffraction  techniques. 

The  reaction  products  contain  a  substance  that  is  strongly 
hygroscopic.  Placing  some  of  the  corrosion  product  in 
water  results  in  gas  evolution,  and  the  water  gives  an  acid 
reaction  to  litmus.  Some  of  the  black  material  takes  on  a 
white  to  yellow-white  appearance  while  much  of  it  appears 
to  be  quite  stable.  The  following  reactions  are  believed 
to  be  responsible  for  the  observed  behavior. 

TICI2  ♦  (x+1)  H^O  =  TIO  .xHgO  +  2HC1 

TIO  -f  (x+1)  H  0  =  TlO^'xH^O  + 

2  2  2  2 

We  have  not  been  able  to  oonolusively  Identify  titanium 
chlorides  as  corrosion  products  by  physical  means  presumably 
because  of  their  Instability  in  moist  air.  However,  a 
diffraction  pattern  has  been  obtained  at  Armour  Research 
Foundation  which  contains  three  lines  which  are  ^  a^eement 
with  the  strongest  lines  for  titanium  dlohlorldo'2»1^3) , 

The  sample  was  obtained  from  a  specimen  that  was  corroded 
by  a  low-melting  chloride  salt  mixture. 
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Ohcmloal  evidence  for  the  presence  of  titanium  dlohlorlde 
was  obtained  through  the  establishment  of  chlorine  as  a 
product  of  the  reaction.  Air  was  passed  at  a  moderate  rate 
through  a  Vyoor  tube  containing  a  strip  of  titanium  sheet 
coated  with  sodium  chloride,  A  tube  furnace  was  used  to 
heat  the  materials  to  about  1200P,  Chlorine  was  detected 
In  the  exit  gas  passed  through  a  gas-waahlng  bottle  con¬ 
taining  potassium  Iodide,  The  color  from  the  liberated 
Iodine  Intensified  as  the  run  progressed.  Since  sodium 
chloride  should  not  oxidize  under  the  above  conditions,  the 
chlorine  produced  should  have  come  from  the  oxidation  of  a 
titanium  chloride. 

Sodium  tltanate,  thermodynamically  believed  to  be  a  logical 
reaction  product,  has  defied  conclusive  Identification. 

X-ray  data  are  soant  and  led  us  to  prepare  samples  of  the 
titrates  by  fusing  stoichiometric  proportions  of  sodium 
carbonate  and  titanium  dioxide  at  temperatures  above  1950F. 
The  product  from  the  mixture,  corresponding  to  the  formula 
Ha  TlO  ,  was  pale  green,  and  the  products  from  thei  mixtures 
corresponding  to  NapTioO,^  and  NSyTi^O-  woro  each  an  off-shade 
of  white.  Analysis  by  x^ray  diffraction  shewed  the  sample 
to  have  crystalline  patterns,  bub  no  standards  wex-e  avail¬ 
able  for  direct  comparisons.  The  d-spaclngs  and  relative 
intensities,  given  In  Table  I,  were  used  for  comparison 
with  patterns  taken  of  corrosion  products.  In  some  patterns, 
heretofore  unidentified  lines  agreed  with  several  lines  for 
the  compound  NSpTi^Oy,  but  the  preponderance  of  titanium 
dioxide  In  the  lamplA  made  definite  Identification  difficult. 
However,  because  of  the  large  proportion  of  titanium  dioxide 
relative  to  the  amount  of  sodium  that  takes  piece  In  the 
reaction,  the  higher  tltanates  would  be  expected  to  form 
as  the  primary  titanato,  NapTlO,,  dissolvos  Increasing 
amounts  of  titanium  dloxldef  ^ 

The  Method  of  Attack 

Figure  5  Illustrates  some  revealing  features  of  sodium 
chloride  attack  on  Tl-12Zr-7Al  sheet.  This  macrograph  was 
made  after  100-hour  exposure  at  900P  and  shows  the  corrosion 
products  to  form  dark  bllstera  beneath  the  salt  orystala. 

The  dark  surfaoe  oruat  waa  determlnsd  by  x-ray  diffraction 
to  be  largely  TiOp  (rutile).  This  dark  crust  showed  no 
noticeable  growth  dxiring  the  second  100-hours  of  exposure 
with  a  sharp  decrease  in  reaction  rate.  The  sodium  chloride 
crystals  were  also  observed  to  remain  largely  intaot  during 
the  attack  with  only  a  small  portion  being  required  to 
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•uotain  the  'reaotlon.  Theae  features  Would  aT*pp^t  eithetf” 
the  exlatenoe  of^a  liquid  eorroaion  phase,  as  suggeBtAdV^ 
Oreaaley,  etaive),  and/ox*  the  transfer  of  sodlm  ehi^ldfii.  .. 
as  a  vapor,  aa  suggested  by  Piokei'lag,  etaio),  and/or  the 
progressive  attack  of  the  aiotal  by  the  formation,  eonaumptton, 
and  regeneration  of  chlorine* 

Efforts  to  resolve  this  problem  did  not  yield  results  that 
were  sufficiently  definitive,  A  65-hour  test  at  900P, 
vith  an  air  flow  of  2000  ml/mlnute,  did  not  cause  the 
corrosion  blister  to  assume  a  significant  degree  of  eccen¬ 
tricity  in  the  direction  of  the  air  flow  as  would  be  expected 
In  the  case  of  vapor  or  gas  attack*  Inclined  samples  also 
failed  to  show  a  greater  degree  of  attack  in  one  direction 
than  another.  However,  samples  suspended  in  a  furnace  for 
long  periods  of  time  showed  greater  attack  at  the  top  of 
the  sample. 

Samples  of  titanium  alloys  were  held  above  but  not  In 
direct  contact  with  (a)  mixtures  of  sodium  chloride, 
titanium,  and  titanium  dioxide,  (b)  mixtures  of  sodium 
chloride  and  titanium  dioxide,  and  (o)  sodium  chloride  for 
^  hours  at  1200P  and  65  hours  at  900P*  Samples  above  (a) 
and  (b)  suffered  the  greatest  attack  as  Indicated  by  the 
amount  of  corrosion  product  on  the  surface  of  the  sample , 
Samples  above  (o)  did  not  show  much  greater  attack  than 
samples  exposed  to  air  aims  under  the  same  conditions* 

The  above  findings  indicate  that  free  chlorine  produced 
by  the  corrosion  reaction  causes  the  moat  extensive  damage 
to  titanium  alloys*  However,  this  finding  does  not  pre¬ 
clude  the  existence  of  a  liquid  whloh.  If  present,  exists 
as  a  thin  film  of  contact  adjacent  to  the  metal.  Attempts 
to  confirm  the  existence  of  a  liquid  phase  have  not  bean 
experimentally  accomplished. 


d* 


Effect  of  Meta] 


It  was  stated  in  IHL  Report  Ho,  SS^^^that  the  presence  of 
the  acidic  oxides  accelerated  the  salt  corrosion  of  titanium* 
Support  of  this  statement  can  be  obtained  from  the  chemistry 
of  the  ohloridlzlng  roasting  of  ores  wherein  aoldio  oxides 
are  used  to  decompose  salt  and  liberate  chlorine  at  high 
temperatures*  The  sold  oxide  then  usually  fuaes  with  the 
base  formed  by  the  decomposition  of  salt  and  shifts  the 
equilibrium  to  eomplete  the  reaotlon'*®4» 105) , 
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A  svirvey  of  the  effeota  of  dlffereat  oxides  i^ozx  the  salt 
ooproalon  of  titanium  showed  only  a  few  of  them  to  es-UM. 
extensive  damage.  Mixtures  of  salt  oontainihg  one  weight 
percent  of  the  metal  oxides  were  applied  as  a  slurry  to 
samples  of  titanium,  whioh  were  dried  and  suspended  in  a 
fumaoe  for  2l^  hours  at  1200F.  Although  a  complete  analysis 
of  each  reaction  was  not  made,  it  was  apparent  that  the 
oxides  causing  the  most  severe  damage  were  those  that 
reacted  readily  with  salt  releasing  chlorine  and/or  forming 
a  liquid  corrosion  product  during  the  reaction.  The  results 
of  these  teats  are  given  In  Table  II. 

Additional  tests  were  made  to  determine  the  extent  to  which 
different  amounts  of  the  oxides  of  aluminum  and  chromium 
accelerate  the  corrosion  reaction  (Figure  6).  The  tests 
were  conducted  In  the  manner  described  above.  Chroroio  oxide 
proved  to  be  much  more  damaging  than  aluminum  oxide  and  In 
the  higher  ooncentrationa  perforated  the  metal  samples.  It 
was  at  first  thought  that  fused  chloride  salts  flowed  to 
the  bottom  of  the  sample  in  the  teats  involving  chromic 
oxide  and  formed  a  bead  on  cooling,  but  subsequent  analysis 
proved  this  to  be  fused  sodium  chromate.  No  evidence  of 
fusion  was  observed  In  the  tests  involving  alumlxium  oxide. 

The  effect  of  aluminum  oxide  and  obromlc  oxide  upon  the 
salt  corrosion  of  titanium  suggest  two  different  meohanlsms 
by  which  the  reaction  can  occur.  Aluminum  oxide  apparently 
increases  the  yield  of  chlorine  by  reaction  with  the  salt, 
followed  by  rapid  oxidation  of  aluminum  chloride,  and/or 
by  fuaion  with  the  basic  oxide.  Chromic  oxide,  on  the 
other  hand,  reacts  with  the  salt  to  form  a  liquid  at  the 
test  temperature  whioh  sots  as  a  carrier  of  the  corrosion 
agent  and/or  a  flux  and  intensifies  the  damage  that  would 
ordinarily  occur.  Thus,  the  nature  of  the  oxide  that  forms 
on  the  surface  of  a  titanium  alloy,  the  alloying  elements, 
and  their  chlorides  all  have  a  significant  effect  on  the 
mode  of  attack  and  the  extent  of  the  damage  caused  by  salt. 

3.  general  Salt  Corrosion 

The  general  corrosion  of  titanium  by  salt  has  been  investigated 

via  a  thermogravlmetrlc  study  of  the  progress  of  the  corrosion 

reaction  with  tine. 

« •  Testing  Procedures 

Samples  of  the  alloy  having  a  total  area  of  8  square  inches, 
are  cut  Into  three  pieces  with  one  piece  2.5  x  0.8  and  two 
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pieces  1.2^  x  0.8  inches.  The  slses  vere  chosen  fon  -con* 
▼enieaee  In  fitting  them  into  a  porous  crucible.  The 
xnetal  is  coated  liberally  on  all  sidos  uiiih  a  concentrated 
salt  slurry  and  dried  overnight  before  plaoing  in  the 
crucible.  The  crucible  la  suspended  in  a  tube  furnace  by 
means  of  a  nichrome  ulre  hanging  from  an  analytical  balance. 

A  periodic  record  is  made  of  the  change  in  weight  of  the 
system  at  a  fixed  ten^erature. 

b.  general  Salt  Corrosion  of  Ooromerelallv  Pure  Titanium 

Data  from  testa  made  at  1000  and  1200F  are  shown  in  Figure 
7,  The  figure  shows  the  temperature  dependence  of  the 
reaction.  This  Is  also  emphasized  by  comparing  the  infor¬ 
mation  In  Table  III  and  Table  IV.  Very  little  corrosion 
oocurred  with  a  salt  coated  sample  at  BoOF  which  gained 
leas  than  0.001  g/aquare  Inch  after  a  152  hour  exposure. 

The  reaction  of  titanium  with  air  at  lOOOP  (In  the  absence 
of  salt)  la  also  negligible. 

The  samples  that  were  attacked  by  salt  at  higher  tempera¬ 
tures  were  badly  pitted;  after  170  hours  at  1200P  the  samples 
were  perforated  In  several  locations.  The  effect  of  the 
amount  of  salt  upon  the  corrosion  rate  la  leas  pnxiounced 
than  the  effeot  of  temperature  as  long  as  salt  Is  available 
to  support  the  reaction.  A  sample  of  titanium  sprayed  with 
a  light  salt  coating  showed  a  small  rate  difference  from 
a  slurry-ooated  sample  when  reacted  at  1200P.  The  differ¬ 
ence  was  probably  well  within  experimental  error  as  shown 
by  a  duplicate  run  of  a  slurry-ooated  sample.  These  results 
are  summarized  in  Table  III. 

c.  General  Salt  Corrosion  of  Titanium  Alloys 

Samples  of  Tl-12Zr-7Al,  Ti-aAl-lMo-lV,  and  Tl-8Al-8Zr-l  (Ob-f 
Ta)  were  liberally  ooated  with  salt  and  exposed  at  1000  and 
1200F  in  the  same  manner  aa  the  above  8aoq>les  of  A70.  The 
results  at  1200F  indloate  that  there  is  little  difference 
in  the  resistance  to  salt  attack  exhibited  by  Tl-12Zr-7Al 
and  T1-8a1-1Ko-1V.  The  other  alloy,  Tl-8Al-BZr-l(0b  ♦  Ta), 
shows  somewhat  less  resistance  to  salt  oorrosion  under  com¬ 
parable  conditions,  but  is  considerably  more  resistant  than 
oommeroially  pure  titanium.  At  lOOOF,  Ti-12Zr-7Al  appears 
to  bays  the  best  resistance,  but  the  differences  between 
the  alloys  are  less  pronounced  and  are  perhaps  within  the 
range  of  experl'^ntal  error.  (A  more  complete  interpretation 
of  results  is  given  in  part  e  of  this  section.)  The  results 
of  these  tests  are  summarized  in  Tables  III  and  IV.  Figures 
8  and  9  show  a  grapbie  ooteparison  of  the  materials. 
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d,  A  Oomparlson  of  3alt  Corrosion  and  Normal  Oxidatlmn  of 
gltahlum  and  fltanliutt' Alloys 

The  reaction  of  t*tanlum  with  air  at  lOOOP  is  negligible 
in  the  absence  of  salt,  Beoauae  of  the  very  small  wolsht 
changes  obtained  in  the  absence  of  salt,  the  weighing  of 
a  sample  suspended  in  a  furnace  did  not  yield  satisfactory 
results  and  a  difforont  procedure  nog  used  to  pi-escmt  ii 
oomparlson  of  the  effects  of  salt  corrosion  and  normal 
oxidation  of  titanium  alloys. 

Two  small  pieces  of  each  material  having  a  total  area  of 
four  square  Inches  were  placed  In  combustion  boats  end 
put  Into  a  fumaoe  at  the  desired  temperature.  Daily 
weighings  were  made  on  the  system  and  the  weight  Increase 
per  square-inch  of  metal  surface  was  determined.  In  order 
to  make  the  comparisons  under  Identical  oondltiaaa,  separate 
runs  were  made  with  and  without  salt  at  1000  and  1200F, 

These  data  are  shown  In  Tables  V  and  VI,  Because  of  the 
few  data  available  for  each  oiu*ve  and  the  wide  difference 
In  the  values  obtained  for  each  material  with  and  without 
salt.  It  was  necessary  to  take  certain  liberties  In 
presenting  this  comparison  graphically,  Pow-cyole  seml- 
logarlthmlc  paper  was  used  to  accommodate  the  Information, 

The  best  curves,  shown  in  Figures  10  and  11,  were  visually 
drawn  through  the  points.  The  effect  of  salt  upon  the 
oxidation  of  titanium  will  be  discussed  In  pert  e, 

e .  The  Effect  of  Temperature  on  the  Corrosion  Rate 

The  extent  to  which  titanium  Is  attacked  by  salt  was  found 
to  Increase  rapidly  with  Increasing  temperatures.  The 
difference  In  the  behavior  of  Tl-l2Zr-7Al  and  Tl-SAl-lMo-lV 
and  unalloyed  tltenlum  toward  increasing  ten^eratures  was 
determined  for  sixteen-hour  exposures  made  in  the  manner 
described  In  part  o.  The  data,  presented  in  Table  VII  and 
Figure  12,  show  a  very  rapid  Increase  in  the  rate  of  salt 
attack  at  temperatures  above  lOOOF, 

Dlsouaaloin  apd  Interpretation  of  Resulta 

An  examination  of  the  data,  provided  by  the  study  oonduoted 
In  part  b,  shoved  that  it  is  satisfied  best  bv  the  expression 
V  B  ict&,  where  W  equals  the  increases  in  weight  resi^Lting 
from  the  formation  of  adherent  oorroalon  products,  t  is  time, 
and  k  and  n  are  constants.  The  constants  were  evaluated  for 
eaob  alloy  and  at  eaoh  temperature  by  the  method  of  averages. 
These  values  are  shown  on  the  following  page. 
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A70  0.952  3.56  0.5^18 

Tl-12Zr-7Al  0.653  4.52  0.6^46 

TI-8AI-IM0-IV  0.631  4.14  0.6171 

Tl-8Zr-8Al-l(Cb+Ta)  0.627  7.22  0,8^8^ 

At  lOOOFi 

A70  1.085  0.498  -0.3026 

Tl-12Zr-7Al  0.576  0.417  -0.3795 

TI-8AI-IM0-IV  0.700  0.401  -0.3970 

Tl-8Zr-8Al-l(Cb+Ta)  0,783  0.280  -0.5536 

The  logarithmic  relationship  (log  V  =  log  k  plus  n  log  t) 
for  the  variables  is  a  straight  line  vlth  a  slope  equal 
to  n,  and  W  equals  k  uhen  t  equals  one.  When  applied  to 
our  data,  k  gives  the  extent  of  the  corrosion  reaction 
after  the  first  hour,  and  n  should  give  the  rate  at  which 
the  reaction  progresses.  However,  Ignoring  errors  Intro¬ 
duced  In  performing  the  experiment,  conalstent  values  of 
n  and  k  are  expected  only  If  the  corrosion  reaction  Is  a 
simple  one.  The  salt  corrosion  of  titanium  alloys  Is 
presumed  to  proceed  by  an  apparently  complex  mechanism  or 
by  several  complex,  competitive  moohanlsms.  The  normal 
oxidation  of  titanium  is  known  to  proceed  by  a  complex 
mechanism  and  Is  represented  by  several  different  rate 
laws,  each  valid  for  a  specific  temperature  range. 

Different  rate  laws  have  been  reported  for  essentially 
the  same  temperature  range,  but  the  basic  difference  was 
the  manner  In  which  the  results  were  lnterpreted(27,29) , 

In  general,  a  logarithmic  oxidation  relationship  applied 
up  to  about  600F,  and  from  there  to  about  1200F  the 
relationship  appears  to  be  cubic.  Prom  1200  to  about  I6OOP 
the  relationship  Is  parabolic  but  It  becomes  more  linear 
with  Increasing  temperatures. 


We  compared  the  damage  caused  by  salt  with  the  Increase  in 
weight  given  by  normal  oxidation  at  1000  and  1200F  In  part 
c.  The  procedure  used  In  obtaining  these  data  was  different 
than  the  method  used  in  part  b,  but  it  provided  the  same 
type  curve  when  shifted  to  accommodate  the  change  In  ezperl- 
oantal  oondltiona.  Excellent  agreement  with  the  previous 
data  was  obtained  at  1200F,  but  only  fair  agreement  was 
obtained  at  lOOOF  where  the  lower  teiiQ>erature  produced 
smaller  weight  change  S  mICFS  strongly  the  errors  1 

inherent  in  the  prooedure.  Errors  over  and  above  those  | 
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normally  enoountered  in  \>elght  change  measarementa  of  this 
type  are  caused  by  variable  salt  adherence.  Apparently 
this  influences  the  data  more  at  low  temperatures  than  at 
higher  temperatures  where  rates  of  diffusion  and  reaction 
are  more  rapid.  However,  the  data  for  both  temperatures 
show  that  the  presence  of  salt  causes  considerably  more 
damage  than  would  result  from  normal  oxidation  of  the  alloys. 

Oxidation  data  were  included  from  the  litorature^^®^\  in 
Figures  10  and  11  for  comparison.  These  data  show  the 
oxygen  absorbed  by  commercial  titanium  in  pure  oxygen  at 
the  temperatures  indicated.  This  agrees  fairly  well  with 
our  data  on  A70  at  1200P  but  it  must  be  remembered  that 
our  samples  were  oxidized  in  an  air  atmosphere  and  not  in 
pure  oxygen.  At  lOOOF  the  agreement  was  not  as  good  as 
it  was  in  the  above  case,  but  here  the  weight  changes  were 
so  small  that  they  approached  the  sensitivity  of  the 
balance . 

Above  about  lOOOP,  the  effect  of  temperature  cm  the  rate 
of  corroalon  becomes  irioreaslngly  Impurfcant.  This  is 
clearly  indicated  by  the  sixteen-hour  tests  shown  in  Figure 
12.  It  is  interesting  that  below  BOOP  the  systems  show  a 
consistent  loss  In  weight.  Because  of  the  small  differences 
Involved  this  weight  loss  could  result  from  errors  in  weigh¬ 
ing,  from  the  evolution  of  chlorine  produced  in  the  corrosion 
reaction,  or,  more  likely,  from  the  loss  of  moisture  present 
in  the  salt.  The  abrupt  change  in  the  slope  of  the  cvirve 
between  1000  and  HOOF  Indicates  a  change  in  the  corrosion 
mechanism.  The  low  temperature  mechanism  could  raeroly  bo 
oxidation  of  the  alloys  (a  significant  difference  in  this 
region  would  bo  difficult  to  detect  with  our  present  equip¬ 
ment)  or  the  surface  of  the  titanium  could  be  sufficiently 
passivated  to  ward  off  the  major  effects  of  general  salt 
attack  with  only  slight  damage  occurring  In  the  unprotected 
areas.  In  Figure  12  wo  have  also  plotted  data  from  Refer¬ 
ence  106  on  the  oxidation  of  commerolsl  titanium  in  pure 
oxygen  for  sixteen  hours  at  different  temperatures.  Hors, 
only  small  changes  in  slope  are  encountered  Indicating  the 
different  oxidation  mechanisms  operating  between  1100  and 
ll^OOF. 

In  summary,  the  alloys  studied  under  this  oentract  show 
improved  hlgb-temperature  oxidation  and  salt-corrosion 
resistance  over  unalloyed  titanium.  The  alloys  show  moderate 
surface  attack  from  salt  in  the  temperature  range  for  which 
they  are  designed.  Catastrophic  damage  from  general  salt 
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I  corrosion  oooura  beyond  the  high  teiopersture  limits  of  I 

I  these  alleys*  Hoviever*  the  salt  oondltlens  used  in  the  | 

r  laboratory  tests  ‘uere  severe  and  an  excess  of  salt  -was  | 

constantly  provided  for  sustaining  the  reaction  during  each-  i 

test*  Consequently*  service  conditions  to  'Which  these  alloys  ! 
would  be  subjected  are  considerably  less  severe  than  those  t 

employed  In  the  laboratory,  1 

4*  Salt  Corrosion  Cracking  i 

While  It  was  noted  above  that  very  little  corrosion  occurred 
at  temperatures  aa  high  as  600F  with  salt-coated  titanium 
alloys*  the  effect  of  stress  on  hot-salt  corrosion  Is  to 
reduce  the  limit.  In  this  connection*  no  attack  was  observed 
In  Tl-12Zr-7Al  material  exposed  with  salt  and  without  stress 
for  100  hours  at  600F.  However*  samples  run  In  like  manner 
but  at  60*000  pal  tensile  stress  showed  the  start  of  surface 
attack  after  a  100-hour  exposure* 

a*  WetallocyaTihie  Studies 

Metallographlo  studies  on  Tl-12Zr-7Al  material  reveal 
similarities  in  modes  of  salt  attack  between  stressed  and 
unstressed  material;  l*e**  both  modes  of  attack  appear  to 
be  structure  dependent,  Figures  13  to  16  show  600(P  salt 
attack  on  the  surface  of  samples  representing  two  conditions 
of  prooesslng*  Samples  in  Figures  13  and  14  were  processed 
in  the  alpha-plus-beta  field  and  show  the  nature  of  salt 
attack  when  exposed  with  and  without  stress*  Figures  15 
and  16  z’epresent  material  processed  In  the  beta  field  and 
likewise  show  the  mode  of  attack  with  and  without  stress* 

It  is  Important  to  note  that  while  Figures  13  to  15  show 
Intergranular  attack*  Figutre  16  reveals  transgranular 
attack*  The  beta-rolled  material  also  cracked  In  five  per¬ 
cent  hydroohlorlo  acid  and  In  a  similar  manner*  The  mlcro- 
struotxjre  of  salt  corrosion  at  ths  surface  of  a  Tl-12Zr-7Al 
sample  after  100-hour  exposure  at  900P  and  30,000  pal  atreaa 
la  given  in  Figure  17*  The  attack  here  la  definitely  inter¬ 
granular  with  preferential  attack  of  the  dark-etohlng  grain 
boundary  bets  phase. 

Theae  studies  suggest  that  beta-rolling  or  sensitization 
results  in  transgranular  attack  and  predlots  early  failure* 
Materials  rolled  In  the  all-alpha  or  low  in  the  alpha-plua- 
beta  field  give  a  more  desirable  atruoture  for  realatanoe 
to  both  general  oorroslw  and  atreaa  eorroaion  eraokliig. 
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A  study  MSS  made  on  the  effect  that  the  Interstitial 
elements  carbon  and  hydrogen  may  hare  upon  the  salt  oorro* 
slcn  of  titanium*  Titanium  carbide  and  titanium  hydride 
were  each  mixed  with  salt  in  a  1  to  2  mole  ratio*  Small 
amotnts  of  these  mixtures  uere  placed  In  a  furnace  at  600* 

800*  1000  and  1200F  for  24  hours  and  then  examined  for 
possible  algns  of  a  reaction*  to  1200(F  there  was  very 
little  difference  In  the  appearance  of  titanium  carbide 
regardleaa  of  whether  or  not  salt  was  present*  Ko  other 
qualitative  evidence  was  obtained  to  indicate  that  this 
system  reacted*  After  24  hours  at  600  and  800F*  the 
titanium  hydride  and  salt  mixture  became  lighter  In  color 
than  the  titanium  hydride  by  itself*  At  lOOOF  the  mixture 
became  mottled  white  and  gray  after  16  hours*  and  Ivory 
after  24  hours.  At  1200F  the  mixture  turned  Ivory^oolored 
In  24  hours  while  the  tltanlvun  hydride  Itself  remained  a 
dark  gray*  Ko  aoluble  titanium  compounds  were  detected  In 
the  reacted  mixture.  The  tltsnitim  hydride  by  Itaelf 
appeared  to  be  udsf footed  but  In  the  mixture  It  appeared 
to  be  completely  oxidized. 

The  ease  with  which  titanium  hydride*  salt*  and  air  react 
at  moderately  elevated  temperatures  b.^gests  that  hydrogen 
has  an  adverse  effect  upon  the  corrosion  reaction*  Strained 
areas  may  cause  hydrogen  to  concentrate  in  preferred  loca¬ 
tions  In  the  alloy  and  promote  vulnerability  to  stress 
corrosion  cracking. 

Salt  creep  testing  of  hydrogenated  tensile  samples*  dis¬ 
cussed  In  the  special  processing  section  of  this  report* 
demonstrates  the  adverse  effect  that  hydrogen  had  uprai  the 
resistance  of  stressed  samples  exposed  to  salt, 

0,  Role  of  Chlorine  In  Stress  Corrosion  Cracking  at  Elevated 
Temperatures 

Chlorine  is  produced  when  chloride  salts  attack  titanium 
and  Its  alloys  in  air.  This  trace  of  chlorine  is  capable 
of  cracking  atressed  titanium  alloys.  Figure  I8  exemplifies 
the  Intergranular  attack  which  accompanied  the  atress- 
oorroalon  cracking  failure  of  a  streaaed  Tl-12Zr-7Al  sanqple 
during  exposure  at  500F  to  dry  air  containing  one  percent 
chlorine  gas  at  atmospheric  pressure.  The  sheet  was  streaaed 
by  bending  a  2^  Inch  long  by  3/8  Inch  wide  strip  around  a 
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i  inoh  radius  and  olan^ing  the  ends.  The  mximum  supSiflO 
stresses,  therefore,  exceeded  the  yield  strength c  -It  iJ; 
signifioant  to  note  the  beta  phase  attaolc  at  the  grain 
bomdarles.  This  behavior  is  Identioal  to  elevated  tem- 
oerature  salt  corrosion  of  this  alloy  under  tensile  stress 
as  seen  In  Figure  17* 

When  argon  was  substituted  for  air,  oraoklng  also  occurred 
showing  that  air  la  not  necessary  for  the  oraoklng  meohanlsm* 
In  previous  work  wo  demonstrated  that  salt  and  titanium  will 
not  react  at  a  significant  rate  at  elevated  temperatures 
unless  air  la  present.  However,  when  air  Is  present,  sodium 
chloride  reacts  rapidly  with  titanium  at  high  temperatures 
and  chlorine  gas  la  evolved.  Therefore,  we  now  believe 
that  chlorine  gas  may  be  the  principal  stress  corrosion 
cracking  medium  In  these  reactions. 

B,  Aqueous  Stress  Corrosion  Oraoklng 

We  hoped  that  a  relationship  between  aqueous  stress  corrosion 
cracking  and  hot  salt  corrosion  cracking  would  be  readily 
apparent  and  thus  enable  us  to  simplify  our  testing  procedures 
by  replacing  the  more  Involved  hot  salt  creep  tests  by  stress 
corrosion  teats  In  hydrochloric  acid.  To  determine  If  a  re¬ 
lationship  exists  between  salt  corrosion  oraoklng  and  aqueous 
stress  corrosion  oraoklng  It  was  first  necessary  to  establish 
the  conditions  required  to  make  a  metal  or  alloy  vulnerable  to 
cracking.  Abnormal  exposure  at  very  high  temporaturea  for  long 
periods  of  time  usually  produce  this  condition  and  destroy  the 
normal  and  desirable  properties  of  the  alloys. 

The  possibility  of  contamination  during  the  long  exposures  at 
high  tein)eratures  (although  minimized  by  the  use  of  a  pro¬ 
prietary  high  temperatuJTe  coating)  was  present.  This  possi¬ 
bility,  together  with  a  poorly  defined  relationship  to  the 
oraoklng  oaused  by  salt  corrosion  at  high  temperatures  (reducing 
aold  vs  salt  oxidation),  inaoouraoles  Involved  In  relating 
outer  fiber-stress  to  oreep-stress,  and  the  time  that  would 
have  to  be  spent  in  developing  data  on  samples  given  abnormal 
exposures  to  Increase  reliability  In  comparing  results,  suggested 
abandoning  this  testing  procedure  after  obtaining  some  prelim¬ 
inary  data, 

1,  Testing  Procedures 

A.  Sample  Preparation 

Samples  of  commercially  pure  titanium  {A^0)  and  titanium 
alloya  prepared  as  longitudinal  sheet  coupons  were 
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Bheared  to  about  0.037  3^  0.6  x  4*2  inches  and  0*048  x 
0,6  X  4 *3  Inches,  respectively.  Materlaas  tested  in 
the  ^as  received"  {mill  annealed)  condition  were  plolcled 
in  the  conventional  30^  HUO  -3^  HP  solution  Just  before 
testing.  Whenever  heat  treatments  were  employed  the 
coupons  ware  sheared  prior  to  this  operation,  and  after¬ 
wards  grit  bleated  and  do skinned  In  30^  HK0--3^  HP  to 
remove  about  4  mils  from  the  thickness,  ^ 

b.  Sample  Toatlng 

A  convenient  testing  apparatus  was  developed  which 
consists  of  a  channeled  Synthane  Jig.  The  samples  are 
loaded  by  placing  them  inside  a  channel  section  some¬ 
what  narrower  than  the  length  of  the  specimen  and  then 
Immersing  the  bowed  sample  In  the  test  solution  at 
room  temperature. 

The  maximum  stress  In  the  outer  fibers  of  the  bowed 
specimen  con  be  approximated,  providing  the  yield 
strength  la  not  exceeded,  by  moans  of  the  following 
equation: 


S  =  Et/2r 

where  S  »  the  maximum  stress  in  the  outer  fibers 
E  =  modulus  of  elasticity 
t  =  thickness 

r  =  radius  of  curvature  to  the  center  line 

Appendix  A  reviews  the  methods  used  to  calculate  stress 
for  these  tests. 

0,  Test  Solution 

The  most  convenient  solution  found  for  this  work  con¬ 
sists  of  5  percent  hydrochloric  acid  (by  weight).  It 
is  very  effective  and  yet  not  dangeroua  to  handle  or 
very  corrosive  to  the  metal. 

2,  Stress  Corrosion  Cracking  of  Commercially  Pure  Tltaptum 

Samples  of  aommereially  pure  titanium  (A70)  stressed  to 
approximately  7^,000  pal  In  five  percent  hydrochloric  acid, 
did  not  show  a  consistent  history  of  failure  when  annealed 
at  temperatures  below  1900F.  Expostire  times  in  excess  of 
six  hom*8  at  1900P  seem  necessary  to  induce  vulnerability 
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te*  oraoklng*  S^lnoe  no  skin  dotoctod  on  these  sauries, 
after  plokllng>  vulnerability  is  believed  to  be  assoelated 
largely  «lth  preferential  alloy  and  Impurity  partlt3.1^1ag 
and  beta  grain  coarsening. 

The  results  of  these  testa  are  given  in  Table  VIII. 

3.  Stress  Corrosion  Graoking  of  Tl~l2Zr"7Al 

Samples  of  Ti"12Zr“7Al,  stressed  to  approximately  80,000 
pal  (outer  fiber  stress)  in  five  percent  hydrochlorlo  acid, 
showed  a  behavior  similar  to  that  shown  by  commercially 
pure  titanium,  i.e«,  susceptibility  to  cracking  was  not 
Induced  at  exposure  temperatures  of  less  than  1900P.  The 
major  difference  shown  by  these  materials  is  the  shorter 
exposure  time  of  four  hours  at  1900P  required  to  induce 
vulnerability  to  cracking  of  the  Tl-12Zr“7Al  alloy,  (The 
results  of  these  tests  are  given  in  Table  IX,)  Since  no 
skin  was  detected  on  any  of  these  samples,  the  vulner¬ 
ability  promoted  at  1900P  can  be  credited  to  metallurgical 
effects. 

A  metal]  ograph  lo  etudy  :f  thocc  samples  after  teat  e.xposure 
reveajiecl  that  the  c.f  attack  la  directly  associated 

with  the  rulorcatrujtui'e.  In  this  study,  the  surface  of 
the  sample  m  the  tendon  aide  of  the  bend  was  ground  and 
polished  lightly  to  rovsal  the  oharavcter  of  the  hydro¬ 
chloric  acid  attack,  Plgore  19  which  gives  the  raicrostruc- 
ture  of  samples  In  the  fliet  condition  noted  in  Table  IX 
(exposed  16  hours  st  l800P  and  tested  20  days  under  stress 
in  five  percent  hydrochlcrlo  acid),  shows  the  attack  to  be 
random.  The  mlorostructurs  is  prlmai-y  alpha  (light  etching) 
and  transformation  alpha  (dark  etching).  The  microstruoture 
of  samples  In  the  seventh  condition  (exposed  four  hours  at 
1900F  with  instantaneous  failure  in  five  percent  hydro¬ 
chloric  acid)  is  observed  in  Figure  20,  Here,  numerous 
fine  stress  oorrosion  cracks  are  observed,  all  of  which  are 
perpendicular  to  transformation  alpha  platelets, 

4.  Stress  Corrosion  Cracking  of  Ti-SAl-lMo-lY 

The  effects  of  high  temperature  exposure  on  the  stress 
corrosion  cracking  of  T1-8ai-1Mo-17  sheet  in  5  percent  hydro¬ 
chloric  acid  ere  given  in  Table  X.  The  stress  ocndltlcn 
was  approximately  78,000  psi.  It  is  important  to  note  that 
a  very  abnormal  treatment  of  10  or  mere  hours  at  1900F  la 
required  to  induce  stress  corrosion  cracking  In  HCl,  The 
oraoklng  was  observed  to  be  transgranular  and  confined  to 
selective  areas. 
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An  exasipld  of  this  attack  la  shown  in  Figure  21,  Figure 
22  shows  a  oraok  that  propagated  through  the  entire  width 
of  the  specimen.  A  photonlorograph  of  a  polished  stirfaee 
at  the  break  (Figure  23}  Indioates  that  the  cracks  apparently 
have  their  origin  In  the  primary  alpha  platelets. 

5.  Miscellaneous  Stress  Corrosion  Cracking  Teats 

The  results  of  a  number  of  miscellaneous  stress  oorroslon 
cracking  testa  are  summarized  In  Table  XI.  Samples  made 
vulnerable  to  oraoklng  by  high  temperature  exposxu'es  failed 
rapidly  in  $  percent  hydrochloric  add  and  5  percent  titanium 
trichloride  solution.  The  addition  of  2  percent  hydrogen 
peroxide  to  the  hydrochloric  acid  solution  inhibited  crack¬ 
ing  at  least  until  some  time  after  the  oxidant  was  exhausted. 
Samples  sensitized  in  a  vacuum  did  not  fall  in  5>  percent 
hydrochloric  add  Indicating  that  a  relationship  may  exist 
between  metal  purity  and/or  oxygen  content  and  the  cracking 
phenomena.  Passing  an  electrical  current  through  samples 
stressed  In  5  percent  hydrochloric  add  solution  resulted 
in  anodic  attack  at  the  alr*'Solutlon  Interface  and  the 
eventual  failur-?,  by  rapid  general  corrosion*  of  both  vul¬ 
nerable  and  non-vulnerable  samples.  No  oraoklng  was  observed, 

6,  Dlaeusslon 


In  substance*  vulnerability  to  add  oorroslon  oraoklng  Is 
Induced  by  prior  high  temperature  exposure.  The  vulner¬ 
ability  temperature  appears  to  be  above  the  beta  transus 
for  the  respective  alloys.  Other  factors,  In  addition  to 
the  abnormal  exposure  temperature,  are:  time  at  temperature, 
testing  stress,  and  concentration  of  the  test  solution, 

A  metallographio  examination  of  samples  used  In  these  tests 
established  the  following  relationship  between  hot  salt  and 
aqueous  stress  oorroslon  oraoklng:  cracks  propagate  trans- 
gran  ularly  in  titanium  alloys  given  high  temperature  pro¬ 
cessing  on  ejqjoatcne  to  both  salt  and  5  percent  hydrochloric 
add;  Intergranular  attack  has  been  observed  under  hot  salt 
conditions  in  titanium  alloys  processed  at  low  temperatures. 
High  temperature  exposure  and/or  processing  appears  to 
result  In  the  diffusion  of  a  susceptible  ocnstltuent  from 
the  grain  boundary  to  preferred  planes  within  the  grain. 
Improved  performance  of  alloys  processed  at  low  tesqperatures 
emphasizes  the  advantage  of  low  temperature  processing  for 
Increased  salt  resistance.  (The  effects  of  processing  are 
discussed  later  under  Fart  VI  B.) 
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in  eq^X^atory  Invest lAatXooa  was  made  of  the  eXa'et^ade 
of  tie  different  t It aninm  alleys  used  In  this  work  thrjdehaniigQie 
If  a  relationship  exiata  between  the  corrosion  potehtiala  and 
stress  corrosion  cracking  tendencies. 


1.  Electrode,  Potential  Keasurements  of  Titanium  In  Hvidroehlorie 

a.  St^iea  of  the  Electrode  Potential  of  Titaniom  In 
Hydroehlorio  Aoid 


Studies  of  the  electrode  potential  of  titanium  In  hydro* 
ohlorlfl  aeld  have  boon  reported  by  Straumanls  and 
0hen'^®7)j  Sshlaln  and  Snjatko^^°°^ ,  and  by  Sohlaln'^°’% 
Their  findings  show  that  at  low  aoid  concentration  (up 
to  3N)  air  passivates  titanium  surfaces  to  give  more 
noble  electrode  potentials,  and  indicate  that  a  reaotlon 
involving  oxygen,  metal  ions,  or  iona  containing  oxygen 
ooours  on  the  passive  surfaces  (whioh  change  very  little 
In  appearance).  The  paaaiTity  can  ba  destroyed  gradual* 
ly  by  naaoent  hydrogen  from  the  corrosion  reaetion.  An 
inert-gas  sweep  removes  oxygen  and  some  hydrogen  from 
the  solution  and  gives  a  more  stable  potential.  High 
aoid  conoentrations  also  break  down  the  passivity  and 
cause  the  electrode  potential  to  decrease  rapidly  with 
time  xoitll  a  ata8dy*state  value  is  reached  after 
approximately  me  hour.  The  rate  of  ohange  depends 
upon  the  rate  of  filjn  break  down  and  repair  whioh  In 
turci  depends  upon  the  relative  oxidizing  or  reducing 
ability  of  the  solution.  The  8te8d7*state  values 
varied  with  the  soluticn.  but  were  otherwise  the  same 
regardless  of  the  pre*treHtnieint  of  the  metal  aurfaoe. 


b.  Experimental  Procedure 

For  this  exploratory  work,  the  measurements  were  made 
in  5  peroent  hydrochloric  aoid  (slightly  less  than  l.^N) 
In  an  open  beaker  at  room  temperature  against  a  saturated 
calomel  electrode*  The  values  obtained  were  later  oor* 
reoted  to  the  hydrogen  scale  for  oompariaon  with  the 
published  work  discussed  above*  A  small  flow  of  argon 
was  eontinually  passed  through  a  bottle  contain lug  5 
peroent  hydrooblorlo  aoid  and  Into  the  solution  In  which 
measupementa  were  made  (except  for  the  teats  shown  in 
Figure  26.) 
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Ihd  supfaeea  of  the  saiapies  were  pre^tred  by  a  ll^t 
pldKLe  'in  a  aolltitloa  oontatalng  3  pej^oeat  @f  h'j^SsiSin 
fXuwie  acid  and  30  pdreent  of  nitrio  aeid  to  provM^e  a 
bright »  oXeat!  surfaoe*  l?he  aanqaXea  were  rinsed  with 
dlstiXXed  water  and  qulokly  transferred  to  the  soXutlan 
In  which  inaasureaents  were  to  be  made*  She  Initial 
reading  waa  taken  aa  soon  thereafter  aa  possible* 

Immersion  of  the  aaraplas  was  not  complete  and  interface 
effects  were  Inherent  in  the  technique  employed* 

0 •  Alloy  Comparisons 

The  electrode  potentials  of  the  materials  used  in  this 
work  are  compared  in  Figure  24*  The  data  presented  show 
that  all  the  alloys  are  more  electrons gat lye  in  $  percent 
hydrochloric  acid  than  unalloyed  titanium.  01:her  than 
that,  the  electrode  potentials  show  no  apparent  relation** 
ship  to  the  stress  corrosion  cracking  tendencies  of  the 
materials*  The  resistance  of  these  samples*  as  expressed 
by  their  electrode  potential  in  5  percent  hydrochloric 
acid,  la  the  reverse  of  that  exhibited  under  salt  con¬ 
ditions  at  elevated  temperatures.  Although  this  reversal 
may  be  coincidental  (and  no  oonoluaions  should  be  drawn 
therefrom)  it  suggests  that  aurfaoes  which  passivate 
most  readily  in  aqueous  solutions  may  be  more  vulnerable 
to  salt  oorroaion  at  elevated  ten^erstures* 

d*  Frooesaing  Differences 

In  salt  corrosion  studies,  sanples  of  Ti-12Zr-7Al  given 
alpha-beta  processing  were  fcjnd  to  perform  consistently 
better  under  stress  than  samples  from  beta  processed 
stock*  A  look  at  the  electrode  potential  of  these 
samples  in  $  percent  hydrochloric  acid  (Figure  25)  shows 
a  slightly  higher  potential  for  the  alpha<*beta  material 
signifying  Increased  resistance  in  the  acid  aolutlon* 
However,  the  dlfferenca  between  the  observed  potentials 
is  not  great  and  does  net  necessarily  reflect  the  per¬ 
formance  of  the  alloy  under  salt-stress  conditions* 
Nevertheless,  it  indicates  that  an  increase  in  the  amount 
of  beta  phase  lowers  the  resistance  of  titanium  base 
alloys  to  chloride  attack  under  conditions  which  tend  to 
destroy  the  passive  film  that  normally  proteeta  the  metal 

e*  Stress  Corrosion  Cracking  Tendencies 

Potential  measurements  were  made  on  samples  from  the 
stress  corrosion  cracking  teats  to  see  if  eleetroohemieal 
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regarding  eraoiclng  tendenelea.  ^asureoenta-ea 
illoyed  titanium  vere  made  in  a  atagnant  > 
eblerio  aold' dilution  and  are  reeoraed  la  Plgttre 
Hfbeae  data  ahow  an  iadreaaed  eleetronegatlvity  fov 
aanq;>Iea  which  had  longer  expoaurea  at  the  aensltizlng 
temperature  of  190(F»  The  sensitised  saiiQiles  also  showed 
a  lesser  tendency  to  passivate  In  the  acid  solution  than 
the  untreated,  unalloyed  titanium* 

The  Tl-12Zr-7Al  saa^les  showed,  on  the  other  hand,  that 
the  sensitized  samples  were  more  noble  than  the  untreated 
alloy  (Figure  27)*  The  same  situation  was  noted  for  the 
Tl-flAl-lMo-lV  alloy  (Figure  28),  This  shift  in  potential 
probably  resulted  from  metallurgical  changes  which  occur¬ 
red  during  the  high  temperature  exposure  and  apparently 
bears  no  direct  relationship  to  the  cracking  tendency 
of  the  material*  Of  particular  Interest,  however,  is 
the  comparative  nobility  shown  by  a  sample  of  Tl-12Zr-7Al 
that  was  heated  in  a  vacuum  for  100  hours  at  1600F, 

2,  Electrode  Potential  Measurements  In  Salt  at  Elevated 
Temperaturae 

I  The  measurement  of  the  potential  difference  between  the 

alpha  and  beta  phases,  using  molten  salt  as  the  electrolyte, 
was  suggested  in  the  preface  to  TML  Report  No*  66v^}*  In 
attempting  to  obtain  these  data,  a  measurable  potential 
was  encountered  in  powdered  dry  salt  at  temperatures  above 
lOOOF.  This  system  was  examined  further  because  it  parallels 
the  Salt  oorrosion  testing  procedures  used  throughout  this 
work. 

a*  Experimental  Procedure 

In  the  general  procedure,  nickel  wire  was  welded  to  the 
titanium  samples  (l/!;  x  3  in.)  which  were  placed  in  a 
refractory  oruoible.  Salt  Was  packed  around  the  elec¬ 
trodes  (spaced  about  3A  in*  apart)  and  the  oruoible 
was  placed  in  a  furnace*  The  leads  ware  connected  to 
a  potentiometer  and  the  temperature  was  adjusted*  The 
data,  recorded  as  a  funotion  of  time,  are  naturally 
dependent  upon  the  bulk  density  of  the  salt  (which  could 
not  be  controlled  precisely)  as  well  as  the  temperature 
which,  even  though  controlled  within  the  limits  of  the 
oquipmsnt  used,  fluctuated  beoause  of  the  necessity  of 
keeping  the  f\u*naoe  door  slightly  ajar  to  permit  aoeesa 
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£tr  the  lead  vires*  Due  to  the  possible  magaitude  of 
the  error  introduoed  by  these  items*  the  results  pre¬ 
sented  in  this  seotion  are  tentative  and  in  need  of 
refinement • 


b.  Salt  Oonduetlvitv  Measigements 


The  measurable  potential  was  at  fii'st  thought  to  be  in¬ 
fluenced  by  the  titanium  corrosion  reaction.  Before 
continuing*  the  conductance  vas  measured  by  applying  a 
voltage  to  tvo  equivalent  nickel  electrodes  and  measuring 
the  current.  The  differences  In  values  at  different 
temperatures  with  and  vithout  titanium  present  vere 
found  to  be  well  within  experimental  error  (Table  XII) • 
Therefore*  the  conductivity  of  the  salt  is  Independent 
of  the  chlorine-producing  titanium  corrosion  reaction. 

The  highly  erratic  ammeter  fluctuations  at  140OP  suggest 
that*  in  the  vicinity  of  the  electrodes*  a  phase  change 
resvilts  from  the  lowering  of  the  melting  point  of  salt 
by  the  corrosion  products* 


Similar  measurements  using  titanium  electrodes  gave 
ammeter  fluctuations  above  13OOP  which  were  too  small 
to  be  decisive  (Table  XIII).  Conceivably*  a  liquid 
phase  forms  but  oxidizes  before  an  appreciable  concen¬ 
tration  builds  up*  (Titanium  dlohlorlde  and  sodium 
chloride  are  reported  to  form  a  eutectic  at  60  weight 
percent  of  titanium  dlohlorlde  and  IISIP,)'^' 


The  change  in  weight  of  the  electrodes  (Including  re¬ 
covered  corrosion  products)  as  a  function  of  the  applied 
voltage  is  shown  in  Figure  29.  Both  electrodes  undergo 
attack*  but  the  attack  of  the  anode  Is  more  severe  and 
a  weight  gain  of  approximately  twice  that  of  the  cathode 
is  obtained. 


A  potential  difference  of  about  0.^  volt  was  found  to 
exist  at  1200P  between  A70  and  Tl-13V-llCr«3Al  (B120VCA) 
after  about  4  hours*  This  potential  difference  was 
less  than  0.1  volt  at  lUOQP*  These  data*  shown  In 
Figure  30*  suggest  preferential  or  anodic  attack  of  the 
beta  phase  by  dry  salt  at  elevated  temperatures  when 
coupled  with  the  alpha  phase.  However*  the  effect  of 
the  beta  stabilizers  on  the  potential  of  Ti-13V-llCr-3Al 
is  not  taken  into  account. 
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The  hehevlor  of  the  cell  over  aa  extended  period  of  time 
vQuId  UDdoubtedlv  be  Infloenoed  by  the  diffusiaa  nf 
oxygen  through  the  aeXt  and  dlasolublenAin  the  netia 
apeolmen.  For  example.  Dean,  et  al^‘'“'‘'^',  show  a  do^inite 
relationship  between  the  oxygen  content  of  a  titanium 
sample  and  the  e.m.f.  of  the  sample  measured  against  a 
titanium  electrode  in  a  molten  salt  eleetrolyte.  The 
reduction  of  the  potential  difference  with  increased 
temperature  is  probably  related  to  increased  reaction 
rates  of  both  phases, 

d,  Qalyanic  Behavior  of  Titanium  and  Other  Metals 

When  the  potential  difference  between  titanium  and  nickel 
was  measured  at  12CCfF,  a  value  of  0.9  volt  was  fotnd  to 
exist  after  about  7  hours  (Figure  31).  All  of  the  alpha 
alloys  gave  similar  results,  but  the  potential  of  the 
beta  alloy  changed  more  rapidly  with  time.  When  nickel 
was  replaced  by  copper  the  potential  difference  was 
foxmd  to  decrease  rapidly  with  time  (Figure  31).  The 
favorable  change  appears  to  be  brought  about  by  the 
development  of  an  oxide  coating  on  the  copper,  and  suggests 
that  a  sub>plate  of  copper  may  enhance  the  effectiveness 
^  of  a  nickel  plate. 

3*  Dlsouasion 

Our  measurements  of  the  electrode  potential  of  unalloyed 
titanium  in  hydrochloric  acid  are  essentially  in  agreement 
with  those  reported  by  other  investigators.  The  differences 
that  exist  ("steady-state"  values  were  reached  in  a  much 
shorter  time  and  were  slightly  more  electronegative)  can  be 
attributed  to  the  metal,  its  pretreatment,  and  differences 
in  measurement  techniques. 

These  data  do  not  point  to  any  apparent  relationship  between 
the  net  corrosion  potential  of  a  specimen  as  a  whole  and  its 
vulnerability  to  cracking  when  stressed  in  an  aggressive 
medium.  Although  there  is  firm  evidence  that  electrochemical 
differences  play  a  role  in  stress  corrosion  craokl^,  special 
techniques,  capable  of  measuring  local-cell  potentials  and 
potential  differences  surrounding  pre-existing  paths  of  sus¬ 
ceptibility,  are  required  to  illustrate  this  role. 

The  relationship  between  salt-stress  cracking  at  elevated 
temperatures  and  the  electrode  potential  measurements  was  at 
first  thought  to  be  obsoured  by  the  large  difference  in  test 
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eenditlons.  Hoveve?*  subsequent  neasuremsnts  made  In  dj^y 
sodium  ohloride  at  120(^  also  failed  to  shdu  any  relation- 
ship  between  the  enaoking  tendeney  and  eleetnode/plben'tlal* 
This  agnees  with  the  findings  of  OnosslSy,  etali'^^ showing 
the  absence  of  a  eonrelatioa  between  eleetrode  potential 
and  Busoeptibillty  to  ohloride  salt  stress  oorrosiou  based 
on  measurements  of  the  potential  of  various  alloys  (versus 
platinum)  in  molten  potassium  ohloride-lithium  ohloride  at 
lOOOP. 

VI.  COATIWQS  AMD  PROCESSIWO 


Since  new  high  temperature  titanium  alloys  are  beginning  to  appear  on 
the  market,  it  is  desirable  that  these  be  svaluated  for  their  resistance 
to  salt,  and  if  neoeasary,  modified  before  extensive  test  programs  get 
underway  in  the  field.  Consequently,  screening  of  these  alloys  was  under¬ 
taken  using  material  from  product ion-sized  heats. 

A .  Alloy  Screening 

The  original  plans  were  to  confine  the  work  on  alloy  screening  to 
the  three  super-alpha  alloys:  Tl-l2Zr-7Al,  Ti-BAl-lMo-lV  and 
Tl-8Al-8Zr-l(Ob  ♦  Ta).  The  T1-6A1-4V  (C120AV)  alloy  was  added  at 
a  later  date  for  comparison  purposes.  The  objective  was  to  determine 
how  well  these  alloys  resist  salt  attack  under  stress  cin  the  600  to 
lOOOF  temperature  range.  Chemical  analysis  of  these  alloys  is  given 
in  Table  XIV. 

1.  Creep  and  Creep  Stability 


A.  Tl-12Zr-7Al 


Before  hot-salt  stress-corrosion  performance  oould  be  evalu¬ 
ated  on  these  alloys,  creep  data  in  the  prescribed  temperature 
range  were  required.  These  data  are  developed  in  Figures  32 
and  33  for  sheet  and  rod  product  and  give  the  required  stress 
for  0.1  and  0.2$S  plastic  creep  in  a  lOO-hour  exposure  period 
over  the  600  to  HOOF  temperature  range.  These  data  will  be 
applied  in  subsequent  salt-creep  studies. 

Creep  stability,  which  is  one  of  the  limiting  considerations 
in  extending  the  service  temperature  of  titanium  alloys,  may 
be  broken  down  into  factors  of  metallurgioal  instability  and 
service  instability.  Ibi  this  study,  evidence  of  Instability 
was  determined  by  oomparison  of  tensile  properties  of  speoi- 
mens  with  and  without  creep  exposure.  All  tensile  saiiq;>les 
were  cleaned  in  acetone  prior  to  creep  testing.  After  creep 
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^esflxig*  ^ey  «eP9  ^^sile  testea  vi^hout  supfaee 
lAgt  7hl8  ^ooedupfr  Has  followd  te  Inoluae  the  effsi^  of 
aurfaoo  oxide  and  eorroolooa  oa  inotatllltyii  (%eoe^ 
data  ape  given  In  TabXea  XV  and  XVI  for  Si-X2Zp»tll  aMet  and 
rod  over  the  600  to  lOOOP  range  and  Indicate  the  alloy  to  be 
quite  stable* 


b.  TI-8AI-IM0-IV 


The  creep  data  for  TI-8AI-IM0-IV  alloy  rod  are  given  In 
Figure  3k  •  Xhe  creep  resistance  of  this  alloy  is  seen  to 
be  poorer  than  the  Tl-12Zr-7Al  over  the  entire  6OO-IIOOP 
temperature  range.  Creep  stability  data  for  TI-8AI-IM0-IV 
rod  are  given  In  Table  XVII  and  show  no  evidence  of  in¬ 
stability. 


Tl-8Al-8Zr-l(Cb  -f  Ta! 


Creep  and  creep  stability  data  on  this  alloy  are  given  in 
Table  XVIII  and  shov  it  to  be  unstable  in  the  80O  and  900P 
temperature  range.  Vith  this  evidence  and  instability 
results  published  by  others,  the  Tl-8Al-6Zr-l(Cb  *  Ta)  was 
dropped  from  the  program  with  Navy  approval  and  the  T1-6A1-4V 
(C120AV)  alloy  was  chosen  as  a  substitute  for  comparison 
purposes. 


Ti-6Al-liV  (C120AV) 


This  alloy  is  a  popular  heat-treatable  alpha  *  beta  type. 
In  the  annealed  condition,  however,  it  may  be  regarded  as 
a  "near-alpha”  with  a  strength  level  in  the  neighborhood 
of  the  super-alphas* 


The  creep  properties  of  the  T1-6A1-4V  (C120AV)  alloy  are 
given  In  Figure  35*  As  may  be  expected,  the  creep  resistance 
of  the  super-alpha  and  near-alpha  alloys  decreases  with  in¬ 
creasing  amounts  of  beta  stabilizing  elements.  Ti-12Zr-7Al 
shows  the  highest  creep  resistance,  TI-6AI-4V  (C120AV)  the 
lowest,  with  TI-8AI-IM0-IV  in  between. 


Creep  stability  data  on  Ti-6A1-4V  (C120AV)  are  included  in 
Table  XXX  over  the  600  to  9OOF  range  and  Indicate  the  alloy 
is  quite  stable. 
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2.  Bl^vatad  Temoeratgre  Tenallo  Ppoaerteles 

Shopfe-tlno  hot-tensile  properties  are  loportant  In  deslsolng 
within  the  limiting  seryloe  stresses  of  an  alloy »  X&  this 
phase  of  the  program*  the  effects  of  prooesslng  temperature  on 
the  hot  strength  of  notch  and  unnotohed  Tl-12Zr-7Al  and  Tl-SAl- 
IMo-lV  material  yere  evaluated*  Four  prooesslng  teohnlques  Here 
covered: 

1)  Prooesslng  In  the  beta  temperature  field  (rod). 

2)  Prooesslng  in  the  alpha-plus-beta  field  (sheet)* 

3)  Prooesslng  in  the  all-alpha  field  (sheet)*  and 

4)  Tungsten-aro  inert  gas  welding  (sheet). 

Thus*  by  a  consideration  of  creep*  hot  strength*  notob  sensiti¬ 
vity  and  salt-creep  properties*  a  measure  of  the  elevated 
temperature  performance  of  these  alloys  is  obtained, 

a.  Tl-l2Zr-7Al 

The  technique  of  sample  preparation  Is  given  in  detail  In 
the  following  section  undor  salt  creep  itudles.  In  brief* 
salt-0 oated  hot -ton silo  ;;iiuplea  wore  prepared  to  a  standard 
finish.  This  finish  was  described  in  the  following  sub¬ 
section  on  sample  preparation*  All  welds  were  ground  flush 
with  the  base  metal*  Samples  to  be  salt-coated  ware  then 
cleaned*  held  st  140P*  and  the  gage  length  brushed  with  a 
slurry  of  sodium  chloride  and  water  and  allowed  to  dry. 

During  the  hot  tensile  test  careful  attention  was  given  to 
maintaining  the  conditions  of  time  at  temperature  constant. 
SaD^)les  were  brought  to  test  temperature  in  l5  minutes  and 
held  at  temperature  for  an  additional  five  minutes  prior 
to  load  applloation*  As  with  room  temperature  tensile 
testing*  the  load  was  applied  at  a  rate  of  0.00^  in/ln/mln 
to  the  yield  strength  and  then  Increased  to  O.OjO  In/ln/mln. 

Data  on  the  effect  of  salt  on  the  notched  and  unnotohed  hot 
tensile  strength  of  Tl-12Zr-7Al  processed  under  the  above 
teohnlques  1  to  4  sx*®  given  In  Figures  36  to  39  respeotlvely, 
Fl>om  the  data  In  Figure  36  It  is  apparent  that  beta-prooessed 
rod  teats  coated  with  salt  suffer  no  decrease  In  strength 
or  ductility  up  to  lOOOF  under  the  oondltlons  of  testing. 
Sheet  samples  on  the  other  band  experience  a  loss  in  both 
strength  and  duotllity  at  lOOOF  as  noted  In  Figures  37  to  39. 
The  poorer  performanoe  in  the  sheet  material  is  attributed 
In  large  part  to  the  Inereaaed  surfs oe-to-volume  ratio.  In 
cooqparing  the  salt  resistance  of  sheet  material*  the  alpha- 
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processed  sheet,  Figure  37 »  ahovts  better  salt  retlataace 
thaa  does  the  alpha-beta  sheet.  Figure  36,  or  the  welded 
sheet,  Figure  39*  Salt  did  not  appear  to  InfXuenoe  notch 
sensitivity  In  any  of  the  series  tested* 

b.  Tl-SAl-lMo-lV 

Data  on  the  effect  of  salt  on  the  notched  and  unnotohed 
hot  tenalle  strength  of  the  Tl-SAl-lMo-lV  alloy  are  given 
in  Figures  1|0  to  U3«  These  data  represent  the  same  pro- 
oesslng  teohniques  studied  under  the  Ti-12Zr**7Al  alloy 
and  show  parallel  trends  of  salt  resistance.  In  this 
respect  neither  alloy  shows  any  particular  advantage  over 
the  other. 

It  la  important  to  note  that  In  the  600  to  800F  temperature 
range  the  yield  strength  of  the  Tl-l2Zr-7Al  alloy  Is  very 
close  to  the  stress  required  to  give  0.2  percent  creep  In 
100-houra  exposure.  A  similar  situation  la  also  observed  In 
the  Tl-aAl-lMo-lV  alloy  at  600  and  700P.  This  behavior 
results  from  the  very  low  secondary  creep  rate  exhibited  in 
these  alloys  over  the  temperature  ranges  noted. 

3.  Salt-Green  Studies  (Tl-12Zr-7Al.  Ti-8Al-lMo-lV.  Tl-6Al-liV) 

The  following  salt  corrosion  and  salt-oreep  testa  were  designed 
to  provide  data  on  the  severity  of  attack  and  Information  on 
the  mechanism  of  corrosion.  In  the  latter  study,  optical  and 
x-ray  metallography  were  employed  to  provide  Information  on  the 
mechanism  of  stress  corrosion. 

a.  Semple  Preparation 

Both  round  and  flat  tensile  samples  were  included  In  this 
program  for  comparison  study.  The  round  tenalle  samples 
were  polished  In  the  gage  length  to  a  6  to  10  micro-inch 
finish  with  polishing  cloth.  They  were  then  cleaned  In 
acetone  and  pickled  lightly  in  an  aqueous  solution  of  30^ 
nitric  acid  -  hydrofluoric  acid*  This  latter  treatment 
provided  good  salt  adhesion  without  destroying  the  6  to  10 
micro-inch  finish.  Figure  2^  illustrates  a  tensile  coupon 
so  treated.  Flat  tensile  coupons  were  not  polished  but 
were  cleaned  with  acetone  and  sold  dipped  lightly,  as  above, 
after  machining.  The  test  samples  were  heated  at  l^OP  over 
a  hot  plate  and  brushed  with  a  slurry  of  demineralised  water 
and  powdered  reagent-^ade  NaOl.  After  coating,  heating  was 
continued  at  lUOF  to  insure  complete  dryness  prior  to  testing. 
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b.  Santtle  Tasting 

The  dry,  coated  samples  were  loaded  In  a  ereep  testing 
machine  with  normal  air  circulation  and  stressed  to  give 
0,  0.1  and  0.2  psrcent  plastic  strain  after  100-hours 
exposure  at  temperature.  Loads  were  selected  from  creep 
cvirves  given  in  Figures  32  to  3^.  The  teat  program  proposed 
to  cover  the  600  to  HOOF  temperature  range,  but  under  those 
conditions  where  the  lower  end  of  this  range  showed  poor 
results,  the  testing  was  not  continued  into  the  higher  range. 

After  salt-creep  exposure,  the  samples  were  tensile  tested 
at  room  temperatiare  and  the  fractures  examined  for  salt 
penetration.  Figure  4^  shows  the  appearance  of  a  series  of 
Ti-9Al-lMo-lV  samples  after  salt  exposure  and  tensile  toot¬ 
ing.  The  depth  of  salt  attack:  is  designated  by  the  code 
letters  VL,  L,  M  and  R,  described  in  the  footnote  of  Table  XX. 

0.  Metallographio  Study 

A  metallographic  study  wan  made  on  both  hot-salt,  and  aqueoua- 
atress-eorroaion  samples  as  a  means  of  establishing  the  mode 
of  attack  and  thereby  possibly  suggesting  remedial  measures. 
The  miorostructure  of  salt  corrosion  at  the  surface  of  a 
Tl-12Zr-7Al  sample  after  lOO-houra  exposure  at  900P  and  30 
kal  stress  Is  given  in  Figure  17.  The  attack  in  this  alpha- 
plus-beta  processed  material  is  observed  to  be  definitely 
intergranular  with  preferential  attack  of  dark-etching 
grain-boundary  beta,  phase.  This  feature  suggests  that  a 
complete  all-alpha  working  of  the  material  for  elimination 
of  the  grain  boundary  beta  plate  should  Increase  salt 
corrosion  resistance. 

The  nature  of  salt  attack  in  T1-6A1-4V  (C120AV)  la  illus¬ 
trated  likewise  in  Figure  46  to  be  intergranular  with  a 
preferential  attack  of  the  dark-etching  transformation  (beta 
plus  alpha)  structure. 

d.  Test  Results 

Salt  corrosion  tests  were  conducted  on  the  Tl-12Zr-7Al, 
Ti-0Al-lMo-lV,  and  T1-6A1-4V  alloy  with  and  without  stress 
in  the  600  to  HOOF  temperature  range.  The  stresses  were 
chosen  from  creep  date  in  Figures  fz  to  35  to  give  0.1  and 
0.2  percent  creep  In  100-hour s  exposure.  In  addition,  for 
the  Ti-12Zr-7Al  alloy,  parallel  salt  exposures  were  made 
between  sheet  and  rod  material  for  ooitqparlson  of  performance. 
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The  results  of  these  testa  are  givea  in  Tables  XX  to  XXIV. 

The  unexpected  high  ereep  rates"«above  0.1  and  0,2  percent 
target  values>-observed  la  some  of  these  teats  vere  vsx« 
detiStedly  due  to  the  propagation  of  minute  oorroslon  oraolcs 
vhloh  decrease  the  effeotlve  orosa-seotlonal  area  of  the 
samples.  These  data  also  Indicate  that  these  specific 
materials  at  very  high  stress  levels  can  be  expected  to 
experience  a  little  salt  attack  at  as  lov  as  600F.  However, 
with  unstressed  material,  the  temperature  limit  extends  to 
700P  for  rod  and  800P  for  sheet.  Above  these  temperatures 
surface  pitting  becomes  pronounced  and  may  be  objectionable 
in  certain  applications.  It  Is  interesting  to  note  that 
sheet  material  generally  shows  better  salt-creep  resistance 
than  does  the  rod  as  measured  by  the  degree  of  salt  attack 
on  the  fractured  surface  In  break,  even  though  the  former 
has  a  higher  surface  to  volume  ratio.  This  difference  in 
behavior  can  be  attributed  to  metallttrgloal  differences 
between  the  rod  and  sheet.  The  rod  was  rolled  at  1950^*  in 
the  beta  range  while  the  sheet  was  rolled  at  l800F  In  the 
alpha-plus-beta  range. 

There  la  little  difference  between  the  salt  results  given 
in  Table  XX  on  the  Tl-l2Zr-7Al  rod  and  In  Table  XXII  on  the 
T1-8A1-1Mo-1V  rod.  Both  alloys  appear  to  have  similar  salt 
resistance . 

The  salt  resistance  of  the  Ti-6Al-UV  {C120AV)  alloy,  noted 
in  Table  XXIII,  follows  the  same  pattern  as  observed  in  the 
super  alphas.  In  stressed  material,  some  salt  attack  was 
found  at  temperatures  as  low  as  600F,  Since  the  stresses 
to  give  0,1  and  0,2  percent  creep  in  the  T1-6A1-4V  sheet 
are  lower  than  for  the  super  alphas,  the  salt  attack  over 
the  600-1000P  temperature  range  studied  is  observed  to  bo 
less  in  like  measure.  For  T1-6A1-4V  sheet  in  the  unstressed 
condition,  the  surface  pitting  from  salt  attack  becomes 
pronounced  (about  0,001"  depth)  at  800F  as  with  the  super 
alphas. 

Apparent  threshold  temperature  and  stress  conditions  that 
would  produce  a  measurable  loss  of  ductility  In  salt  coated 
samples  were  arrived  at  by  screening  100-hour  salt-creep 
data  given  in  Tables  XX  to  XXII.  From  these  data,  the  maximum 
practical  load  (20  and  30  ksl)  and  ten^jarature  (600P)  were 
selected  for  300  and  S^OO-hour,  salt-creep  tests  for  each  of 
the  two  alloys.  Tensile  properties  after  these  exposures 
are  given  in  Table  XXIV  and  verify  the  marginal  nature  of 
the  salt  attack  at  600F  under  low  stress  levels.  These 
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results  are  In  agreement  with  the  oonolusictns  of  6ro8#ley^^^ 
that  titanium  oxl^e  la  resistant  to  salt  attaok  up  to  ^ilF, 


While  the  threshold  conditions  for  salt  attack  In  ourj^ent 
titanium  alloys  appear  to  be  fairly  constant  the  upper 
limit  for  stress  attaok  uas  found  to  be  alloy  dependent. 
Croaaley\2)  vaports  a  maximum  temperature  of  900P  for  hot- 
salt  stress-corrosion  attaok  In  titanium  alloys.  Our  vork 
In  Tables  XX.  XXI,  XXII  and  XXIII  shows  that  a  stress  faotor 
exists  up  to  lOOOP  for  Tl-l2Zr-7Al,  up  to  900P  for  T1-0A1- 
IMo-lV,  and  up  to  800P  for  TI-6AI-4V.  Thus,  a  wide  range 
of  salt-stress  corrosion  may  be  expected  with  titanium 
depending  on  the  alloy,  temperature,  time  and  stress. 


Special  Prooeaslng  (Tl-l2Zr-7Al.  Tl-SAl-lMo-lv: 


The  completion  of  the  alloy  screening  phase  of  this  work  provided  basic 
background  data  on  creep  rates,  severity  of  salt  attack,  and  the  magni¬ 
tude  of  the  stress  faotor  in  this  attaok.  The  following  special  process¬ 
ing  phase  screens  both  processing  and  metal-purity  factors  in  an  attempt 
to  mitigate  salt  attaok. 


1. 


In  the  study  of  metal  purity,  two  super-pure,  25-gram  buttons 
of  Tl-12Zr-7Al  were  molted  from  electrolytic  titanium,  iodide 
zirconium  and  Rafflnal  aluminum  and  processed  to  0.050**  thick 
sheet  at  l500P,  This  processing  was  on  an  experimental  labora¬ 
tory  level  since  this  temperature  is  below  the  recrystallizatlon 
temperature.  A  one-inch  section  of  commercial-grade  Tl-12Zr-7Al 
(analysis  given  In  Table  XIV)  was  reduced  to  shoot  In  a  similar 
manner  and  served  as  a  control. 


As  a  basis  for  evaluation  of  hot-salt  creep  performance  a  condi¬ 
tion  of  100-hours  creep  exposure  at  700P’  and  70  ksl  stress  was 
established  arbitrarily.  This  condition,  which  Is  used  extensively 
throughout  the  program,  Is  of  moderate  severity  and  as  such 
permits  a  desirable  spread  in  data. 


Salt-creep  results  on  these  samples,  given  In  Table  XXV  show 
no  benefit  of  super-purity  over  oommerolal-purlty  material 
under  equivalent  processing  conditions. 


As  a  beta  stabilizing  element,  hydrogen  may  be  expected  to 
migrate  to  grain  boundaries  In  a  two-phase  region  and  eonoeivably 
aooelerate  intergranular  attaok. 
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In  this  vorh  five  levels  of  hydrogen  were  ehosen.  These  levels  t 

ranged  from  a  vacuum  annealed  condition  to  660  ppm,  A  eomhlete  | 

cycle  of  2  hours  at  140OF  was  chosen  for  the  vacuum  anne'sHng  1 

and  the  thermal  addition  of  hydrogen.  Accordingly  each  sample  I 

had  the  seme  thermal  history.  \ 

Several  interesting  features  are  observed  in  the  salt-test 
results  of  this  series  given  in  Figure  47.  At  445  PPei  hydrogen 
and  above,  salt  exposures  of  100  hours  at  70OF  result  in  a 
notable  strength  loss  due  to  accelerated  sxirfaoe  attack.  With 
the  addition  of  70  ksi  creep  stress  the  general  trend  la  for 
Increased  salt  attack  as  reflected  by  a  deterioration  of  residual 
strength  and  duatlllty.  In  substance,  vacuum  annealed  material 
gave  the  beat  salt  resistance  in  both  the  stressed  and  unstressed 
condition. 

3#  Effect  of  Thermal  Historv 

Data  were  developed  in  the  fundamental  study  phase  of  this  work 
which  illustrate  the  effect  of  thermal  history  on  aqueoua-stresa- 
corroslon  craaklng.  In  this  rospaat  extrema  high  temperature 
dwells  were  found  to  sensitize  the  material  to  this  form  of 
attack.  This  trend  likewise  followed  in  the  alloy  screening 
work  where  It  was  noted  that  sheet  material  processed  at  18OOP 
generally  gave  better  salt-creep  resistance  than  did  rod  material 
rolled  at  1950P  even  though  the  former  had  a  higher  surface  to 
volume  ratio. 

Similar  results  are  illustrated  in  Table  XXV.  Here  it  la  noted 
that  high  teiiq)erature  dwells  in  the  beta  region  (the  beta 
tranaua  for  Tl-12Zr-7Al  is  182^?)  fia»ther  lowers  resistance  to 
attack,  Lang  time  (100  hour)  dwells  in  the  alpha  range  are 
also  damaging. 

These  data  point  up  an  important  almllarity  between  aqueous- 
stress-oorroalon  cracking  and  elevated-temperature-salt-streaa 
attack,  namely  that  both  are  aooelerated  by  high  time-temperature 
parameter  values. 

4.  Welding  (Tl-l2Zr-7Al.  Ti-8Al-lMo-lY) 

Welds  were  included  under  this  grouping  as  specially  conditioned 
material  with  high  thermal  history.  As  with  the  short-time 
elevated-temperature  tests,  the  welds  were  ground  flush  with 
the  base  metal.  In  the  salt  tests  the  salt  was  applied  to  cover 
the  weld  and  heat-affeeted  sones. 
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Salt-oreep  tests  vere  ooaduoted  at  700F  for  100  hours  at 


the  other  hand,  several  of  the  stressed  aaiiq>les  did  not 
survive  the  100-hour  salt  expoatjre.  All  of  these  early  failures 
ware  found  to  ooour  in  the  heat-affeoted  zone  of  the  weld.  Also, 
the  Tl«>12Zr-7Al  welds  gave  poorer  salt  resistance  under  stress 
than  did  alpha-beta  processed  sheet  in  Table  XXI,  even  though 
the  latter  required  higher  stresses  to  give  the  target  0,2 
percent  plastic  creep.  The  effect  of  welding  appears  to  be 
similar  to  that  of  other  forms  of  high-temperature  exposures 
In  increasing  the  rate  of  salt  attack. 

The  explanation  for  the  above  failures  in  the  heat-affected 
zone  is  not  definitely  known.  Aside  from  the  high  thermal 
history  of  the  weld,  the  Increased  interstitial  content  from 
welding,  which  influences  both  strength  and  creep  rates,  may 
also  impair  salt  resistance. 

These  data  also  show  a  consistent  trend  with  short-time 
elevated-temperature  test  results  where  It  was  found  that 
welds  were  less  resistant  to  salt  than  unwelded  sheet. 
Accordingly,  high-temperature  processing  may  be  expected  to 
favor  a  decrease  in  the  salt  resistance  of  these  alloys. 

Indeed,  low-temperature  processing  (in  the  all-alpha  range) 
provides  the  best  salt  resistance. 

C,.  Effect  of  S\gface  Treatments  on  Salt  Resistance  and  Mechanical 

Properties  of  Ti-12Zr-7Al  and  Tl-tiAl-l^o-lT" 

1.  Surface  Treatments 

The  general  objective  of  this  phase  of  the  program  was  to 
apply  test  coatings  for  improved  resistance  to  salt.  This 
effort  is  secondary  to  the  basic  problem  of  base-metal 
inhibition  since,  unfortunately,  coatings  are  vulnerable  to 
mechanical  damage  and,  in  consequence,  cannot  be  considered 
completely  reliable. 

The  ideal  coating  should  be  ductile,  adherent,  easy  to  apply, 
and  reslatant  to  salt  attaok  under  not  salt-oreep  eondltlons, 

^  approaching  this  problem,  numerous  sxirfaee  treatments  and 
techniques  lirut  e'waluated  for  protection  against  salt 

attaok,  A  salt  exposure  of  100  hours  under  stress  at  900P  waa 
chosen  to  measure  performance.  Prom  these  results,  the  best 


Stresses  oaloulated  to  give  0,0  and  0,2  pereeat  plastie  sreep 
Tl^  results  of  this  series  are  given  la  Table  XX7I.  Ehre, . 
salt-coated  teats  exposed  without  stress  suffered  only  mild 
pitting  with  no  aignifloant  loss  of  tensile  properties.  On 
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oofltlaga  itere  given  more  rigorous  salt  reliability  tests  and 

more  extensive  meohanloal  tests* 

a.  gleotrolvslng  Breatflanfea 

Treatments  with  alternating  current  In  phosphoric  acid 
have  been  reported  to  show  promise  for  salt  protection 
of  titanium  at  tenqperatures  up  to  JOGF,  The  procedure  (111) 
which  we  followed  was  developed  by  Boeing  Airplane  Company  • 
Salt  creep  tests  on  material  so  treated  are  given  In  Table 
X3CVII  and  indicate  no  protection  over  unooated  material  at 
the  same  tet^erature  and  stress  level* 

b.  Slectroplatlna 

The  plating  metals  chosen  were  those  of  known  reslstsnoe 
to  salt  UP  to  10007*  Plated  coupons  were  subsequently 
salt-creep  tested* 

The  plating  pretreatmants  generally  consisted  of  a  10 
minute  immersion  of  the  spcolmens  in  a  mixture  oontainlng 
25  ml  of  hydrofluoric  aeld  (52^)#  175  ml  of  glacial  aoetlo 
acid,  and  20  ml  of  aoetlo  anhydride.  Transfers  to  the 
plating  bath  were  made  In  glacial  acetic  acid.  References 
to  the  various  plating  procedures  are  given  in  Table  XXVII 
along  with  salt-creep  results. 

Preliminary  screening  of  the  various  metal  plates  led  to 
the  selection  of  the  nickel  bath  for  further  evaluation* 
Chromium  plates  were  brittle,  silver  plates  blistered  at 
high  temperatures,  while  other  plates  were  porous* 

In  the  selection  of  nickel  plating  baths  we  avoided  those 
baths  containing  ohlorldes  to  minimize  the  danger  of  en¬ 
trapped  chloride  salts.  In  the  screening  tests  nickel 
showed  good  salt  resistance  In  many  oases.  When  failures 
occurred  they  could  be  associated  with  porosity  and  other 
plate  defects*  The  sulfamate  plating  bath  showed  the 
most  promise  of  the  nickel  baths  studied  and  was  selected 
for  more  extensive  testing* 

In  the  study  of  nickel  plates  the  general  problem  of  plate 
porosity  was  overoome  by  introducing  three  cycles  of  plating 
and  buffing*  The  buffing  serves  to  decrease  the  porosity 
of  the  plate*  A  muelln  buffing  wheel  was  used  which  was 
loaded  with  a  stick  compound  designed  for  polishing  stainless 
steel*  After  each  bT:fflng  the  aanple  vae  oleaned  with  a 
solvent  to  remove  residual  waxes*  The  thickness  of  nlekel 
plate  was  0*002". 
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sMiplea  nlok«3.  pXated  and  buffed  ^  tblnjMnnen 
given  i  none  plgoboua  aiXt«eneep  'expoa]ig^e  lii  unieh  tbe 
tiiie  vaa  inoreaaed  from  XOO  to  360  h0Ui:>8;  She  atreaaes 
ohoaen  uere  eatlnated  to  glre  0,2^  oneep*  She  reaulta  of 
these  testa,  presented  in  Table  XXVIII,  denumatrate  excel¬ 
lent  salt  protest  ion  up  to  and  inoluding  lOOOP.  At  HOOF 
the  nlokel  plate  la  attaoked  to  a  moderate  extent  vlth  the 
formation  of  a  green  oorroalon  product— preaxvnably  a  nlokel 
ohlorlde* 

Beoauae  of  the  low  creep  strength  of  Tl-SAl-lMo-lV  at  HOOF, 
it  la  not  anticipated  that  this  alloy  would  be  used  for 
extended  times  at  this  tenperature. 


0*  Aluminum  Coating 

The  relatively  good  resistance  of  aluminum  to  hot  sodium 
chloride  attack  suggested  the  use  of  this  metal  as  a  pro¬ 
tective  coating  for  titanium.  The  Investigation  Included 
three  typos  of  coatings:  paint,  hot  metal  dip,  and  flame 
spray. 

Both  general-purpose  and  hlgh-temporature  aluminum  paints 
were  tested*  Sheffield  Supor-Krome  Aluminum  Paint,  the 
general-purpose  brand  tested  was  applied  with  three  coatings, 
allowing  16-houra  drying  time  between  coats,  Tl-12Zr-7Al 
sheet  thua  coated  gave  no  measurable  Improvement  in  resis¬ 
tance  to  salt  attack  as  noted  in  Table  XXIX,  Samples  were 
also  double  coated  with  Fuller's  Hl-Temperature  Aluminum 
Faint  No,  171-A-28  with  a  five. minute  bakeat  40OF  between 
ooata.  This  treatment  likewise  gave  no  real  Improvement 
In  salt  resistance  aa  seen  In  the  Table,  The  poor  perfor¬ 
mance  of  the  aluminum  palnta  was  attributed  to  laok  of 
adequate  bonding  under  streaa  during  salt  creep  exposure. 

Aluminum  coating  by  hot  metal  dipping  promised  to  give  an 
Iroproved  bond  over  aluminum  painting.  In  this  work,  a 
potasalum  chloride-cryolite  flux  (m,p.  approxlmatelv  H80P) 
was  used  which  had  been  developed  by  D,  E,  BSnlnk^^^°/, 
Titanium  test  samples  were  coated  by  dipping  them  without 
preheating  Into  a  crucible  of  fused  flux  and  molten  aluminum 
at  140OF,  The  flux  proved  adequate  In  dissolving  the  oxldea 
of  aluminum  and  titanium  and  promoting  the  desired  wetting 
action.  The  aluminum  coat  obtained  averaged  0,002**  thlek 
but  waa  less  than  0,0005"  at  the  comers. 
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At  the  corners «  there  ^as  some  tendeney  for  shrinliage  orAoleB 
to  ooour  vlth  resultant  ea^oaure  of  the  ha»e  joataiU 
Inadequate  edge  proteotion  thus  resulted  In  premiture  fail¬ 
ure  of  these  samples  during  subsequent  8alt**ereep  testing 
as  noted  In  Table  XnX*  Figure  4°  shOMs  an  aluminuor* 
coated  specimen  which  failed  during  a  salt-creep  test.  Bare, 
dark  corrosion  produots  are  observed  at  the  saoqile  edges 
where  the  aluminum  coating  was  thin.  The  lack  of  corrosion 
on  the  flat  surfaces  Is  noteworthy  and  Indicates  adequate 
salt  proteotion  If  sharp  comers  are  eliminated  and  a 
minimum  0.002"  coating  thickness  Is  maintained. 

In  preliminary  studies  the  flame-sprayed  aluminum  coatings 
appeared  promising  so  that  this  coating  method  was  accepted 
as  a  candidate  for  more  extensive  testing.  Coatings  were 
In  the  order  of  O.OCAt"  thick  and  were  applied  with  a  portable 
metallizing  gun  with  one-eighth- inch  diameter  aluminum  wire. 

In  order  to  Improve  adhesion  of  the  alumlniun  It  was  found 
necessary  to  preheat  the  saj>q>le  to  about  140OF  with  the 
wire-gun  torch  prior  to  flame  spraying.  The  results  of 
salt-creep  tests  on  these  samples  are  Included  In  Table  XXIX. 
Early  failures  In  some  of  the  preliminary  tests  were  attri¬ 
buted  to  Inadequate  bonding.  However,  when  applied  with 
sufficient  preheating,  aluminum  flame  spraying  shows  promise 
of  adequate  salt  proteotion  up  to  lOOOF,  and  up  to  HOOF 
for  limited  periods  (300  hours) . 

d.  Shot  Feenlng 

Of  the  two  types  of  salt  attack,  general  oorroslon  and 
stress  oorroslon,  the  latter  results  In  the  greater  loss 
of  strength  and  ductility  In  the  super-alpha  titanium 
alloys  and  la  potentially  the  more  troublesome.  In  order 
for  stress  oorroslon  cracking  to  occur,  surface  tensile 
stresses  must  be  present.  Thus,  the  application  of  surface 
oompreasive  stresses  may  be  expected  to  preclude  stress 
corrosion  failure.  Shot  peenlng  offers  a  convenient  method 
for  Introducing  surface  stresses  and  may  serve  aa  a  means 
to  minimize  streaa-oorroslon  cracking. 

Variables  studied  were:  peenlng  intensity,  sheet  vs  rod, 
and  base  metal  processing.  The  peenlng  intensity  was  varied 
by  using  four  different  shot  sizes  ranging  from  S-70  to  S-230. 
(The  former  gave  a  ahot-peened  surface  layer  0.002  inches  In 
depth  and  the  latter  0.003  Inches  depth.)  The  peenlng  in¬ 
tensity  In  all  oases  was  to  saturation.  The  two  tensile 
types  used,  diameter  rounds,  and  O.O^O"  thick  mloroflats. 
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vei*6  peened  Ia  the  reduced  eeotloa  otily*  The  base  metal 
eeudltlon  oovered  beta  and  alpha-plua-beta  pree«aaed 
material  for  thd  ^  diameter  reuada  aud  alphja*plu8**beta  and 
alpfaa  prooeaaed  aheet* 

Table  XSC,  vhloh  glvea  the  teat  reaulta  on  this  aerlea  after 
100-hour,  70  ksl,  7OOF  salt-oreep  expoaure,  ahoua  no  benefit 
of  ahot-peening  under  theae  limited  condltlona  of  testing* 

It  la  oonoluded,  therefore,  that  the  beneflolal  oompreaaive 
atreaaes  Introduced  by  shot-peenlng  were  nullified  by  re¬ 
laxation  over  the  lOO-hour  -  JOOiP  test  period  and  by  the 
atQ>erpo8ltlon  of  tensile  creep  stress. 


e. 


Teat  Real 


TJador  the  relatively  severe  oondltlonB  of  salt-oreep  ex¬ 
posure  chosen,  only  three  of  the  surface  treatments 
evaluated  showed  promise  of  offering  satisfactory  protection. 
These  were:  Nickel  plating  from  a  sulfanate  bath,  aluminum 
dipping,  and  aluminum  flams  spraying.  When  properly  applied 
theae  coatings  promise  protection  under  conditions  of  salt 
and  creep  for  temperatures  up  to  lOOOP, 


As  a  result  of  this  study,  these  three  coatings  were  chosen 
to  be  Included  In  the  fatigue  testing  phase  of  this  program 
which  follows. 


The  purpose  of  the  surface  treatment  phase  of  this  program  was 
to  evaluate  the  more  promising  ooatlnga  for  salt  protection 
and  to  perform  a  few  critical  performance  teats  on  these  coat¬ 
ings  so  that  one  or  more  may  eventually  emerge  for  unreaerved 
uae*  The  first  performance  teat  of  this  aeries  oovered  salt- 
creep  exposure.  The  beat  performers  In  this  teat  were  nickel 
plating,  aliunlnum  dipping  and  aluminum  flame  spraying.  Theae 
coatings  applied  to  optimum  prooeaaed  base  metal  were  chosen 
for  a  few  critical  fatigue  tests  both  with  and  without  prior 
salt  exposure. 


The  endurance  llmlta  of  the  alloys  under  study  were  estab¬ 
lished  SB  a  neceSaarv  prelude  to  the  fatigue  testing  of 
aurfaoe  coatings.  These  data  are  given  In  Figure  for 
the  Tl-12Zr-7Al,  Tl-SAl-lMo-lV,  and  T1-6A1-4V  alloys . 
TI-8AI-UI0-17  is  observed  here  to  have  the  highest  enduranoe 
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limit  with  T1-6A1^V  and  Tl-12Zy-7Al  followlag*  It  la 
antlolpated  that  a  lowep  azmaaling  oyole  would  improve  the 
enduranoe  limit  of  (Fl*12Zr»7Al* 

b.  Bfftot  of  Surface,  Ofeeatmenta  and  Prior  Elevated  Teatperatige 
Salt^ypQMwe 

In  this  study  aaotlona  of  Tl-12Zr-‘7Al  and  T1-0A1-1HO-1V  were 
hot  rolled  from  1700F  to  one -ha If- inch  thiok  plate  and 
annealed  In  the  all-alpha  temperature  range*  Rotating-beam 
fatigue  ooupona  out  from  this  material  were  all  prepared  to 
a  l6-mlorolnoh  finish*  Those  soheduled  for  niokel-platlng* 
aluminum-dipping*  and  aluminum  flame  spraying  were  so  coated 
in  the  stressed  area  of  the  sample  in  accordance  with  the 
procedure  established  under  the  section  on  Surfaoe  Treatment. 
Samples  in  both  the  as-mSohined  and  coated  conditions  are 
Illustrated  in  Figure  50*  These  Here  tested  in  fatigue  with 
stresses  at*  and  somewhat  below*  the  endurance  limit*  A 
second  similar  series  was  salt  coated  in  the  reduced  area* 
exposed  100  hours  at  lOOQF  and  likewise  tested  In  fatigue* 
The  results  of  these  teats  are  given  in  Table  XXXI* 

From  an  examination  of  samples  after  testing  and  a  study 
of  the  fatigue  data  it  was  apparent  that  the  surfaoe  coated 
samples  were  not  adversely  affected  by  the  salt  exposure* 
But*  the  material  did  suffer  a  loss  in  fatigue  strength 
as  a  result  of  aurfsoe  coating*  The  probable  causes  of  this 
performance  are  associated  with  the  coating  Interface*  In 
the  ease  of  the  nickel  plated  material*  an  sold  pickle  was 
used  as  a  pretreatment  to  plating*  Heavy  pickling  would 
be  expected  to  lower  fatigue  life*  Furthermore*  the  forma¬ 
tion  of  a  orltioal  amount  of  brittle*  Intermetalllo* 
interface  layer  from  both  the  nickel  and  aluminum  plates 
would  lower  the  fatigue  resiatanoe*  Presumably  all  of  these 
effects  oould  be  minimized  and  improvements  in  fatigue 
resistance  realized  with  further  study.  These  results  point 
up  the  need  for  a  study  on  the  effect  of  surfaoe  ooatlng 
teohniques  on  fatigue  life* 


VII.  ALLOY  PEVELOPMEST  STUDIES 

The  study  of  the  effect  of  alloying  upon  the  salt  oorroaion  behavior  of 
the  super-alpha  alloya  la  divided  Into  three  oategorlea*  Tbs  first 
category  deals  with  the  behavior  of  the  super-alpha  alloying  elements 
in  binary  oomblnation  with  titanium;  in  the  aeeond  category  a  small 
study  of  the  effect  of  oomposition  ohanges  is  made;  and  in  the  last 


k 
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category  tbe  effect  of  anuill  alloy  additions  to  tbe  si^er^alpha  all^s 
Is  studied  * 


fhe  alloys  Here  prepared  as  50  gram  melts  vhlch  Here  processed  as 
fOlloHs:  hot  rolled  at  I8OQF*  to  0,2  In*;  16 OOF  to  0*1  In*;  1500F  to 
0*060  In.and  annealed  for  30  minutes  at  140OP  and  air  cooled* 

A.  Binary  Alio?  Compoaltlons 

Binary  alloys  of  titanium  and  the  constituent  elements  present  in  the 
super-alpha  alloys  uere  prepared  using  high  purity  titanium  sponge 
and  alloying  elements*  The  effect  of  these  elements  on  the  salt 
corrosion  of  titanium  was  studied  by  following  the  weight  increase  of 
salt  coated  samples  as  a  function  of  time  at  120CIF* 

Coupons  of  titanium  and  the  super-alpha  alloys  were  prepared  from 
identical  source  materials  and  tested  for  comparison*  Their  behavior 
is  shown  in  Figure  5l{s).  Figure  51(b)  shows  the  same  information  on 
a  smaller  scale  that  can  be  more  easily  compared  with  the  data  on  the 
binary  alloys. 

1,  Effect  of  Zlroonlum 

As  seen  In  Figiare  52(a},  increasing  amounts  of  zirconium  in 
titanium  increase  the  initial  corrosion  rate*  Amounts  less 
than  6  weight  percent  appear  to  reduce  the  initial  rate  when 
compared  with  the  corrosion  rate  of  unalloyed  tltanliua*  How¬ 
ever,  a  phenomena  similar  to  the  "breakaway"  phenomena  was 
observed  after  a  period  of  time  and  accelerated  the  corrosion 
rate.  (The  "breakaway"  phenomena can  be  explained  in 
terms  of  the  volume  ratio  of  metal  oxide  to  metal,  e*g*: 

Vol*  TlOptVol,  Tl:: 1*77:1*  Since  this  ratio  la  greater  than 
one,  the^oxlde  grows  mder  compressive  strain  until  It  reaches 
a  critical  film  thickness*  At  this  point  It  cracks  to  release 
the  compression  stresses  and  gives  the  manifold  increase  in 
rate  or  breakaway*  Soluble  addition  elements  having  an  Ionic 
radius  which  differs  by  about  15  percent  or  more  from  the 
Ionic  radius  of  the  solvent  metal  will  distort  the  normal  oxide 
film  and  cause  breakaway  to  occur  at  a  much  lower  film  thick¬ 
ness*  Insoluble  alloyi^  elements  give  a  film  of  the  base 
metal  and  separate  agglomerates  of  the  oxide  of  the  addition 
element*  In  this  case  breakaway  will  occur  If  the  addition 
metal  oxide  Interferes  with  the  adherenoy  of  the  base  metal 
oxide  to  the  metal*) 

2,  Effect  of  Aluminum 

The  effect  of  additions  of  aluminum  to  titanium  la  to  reduce 
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I  -  -  •feHe  rate  of  salt  oorroalcax  (Plguro  53Ct))*  The  lower  ooaeea- 

I  tratloa*  6  peroentt  appeara  to  haTo  leaa  lahlbltiiog  effeot  than 

i  do  oooaoeatratlona  of  o  pereeat  or  nor^e.  She  addltiea  of  more 

I  than  8  per  cent  of  aluminum  Impair  a  worlcabtllty  and  thermal 

I  etabllity. 

3.  Bffeeta  of  MelybdenuPL,and  Vanadltun 

laoreaalag  amounts  of  molybdenum  and  vanadium  lower  the  salt 
resistance  of  titanium.  Molybdenum  additions  appear  to  have 
less  effect  on  the  Mneral  weight  increase  of  the  alloy  than 
vanadium  additions  CPlgure  $3)» 

4.  Effects  of  Oolurablum  and  Santalum 

Columblum  and  tantalum  accelerate  the  corrosion  of  titanium 
(Figure  ^}.  Columblum  seems  to  be  significantly  better  than 
tantalum  In  retarding  the  accelerated  corrosion  considering 
the  relative  amounts  of  each  element  present.  However,  the 
Improvement  that  results  from  increasing  the  amount  of  columblum 
In  tl»  alloy  may  be  anomalous. 

5.  Effects  of  Iron  and  Oxygen 

The  data  on  iron  and  oxygen,  as  shown  in  Figure  55,  Indicate 
that  amall  amounts  of  these  elements  can  decrease  corrosion 
resistance. 

6.  Dlscusalon 

Of  all  of  the  elements  present  In  various  super-alpha  alloys, 
only  aluminum  In  binary  oomblnatloa  with  titanium  appears  to 
Improve  the  salt  resistance  of  the  titanium.  Aluminum 
stabilizes  the  alpha  phase,  reduces  the  lattice  parameter,  and 
has  an  Ionic  radlua  only  one  percent  amaller  than  titanium. 

KLgh  aluminum  additions  tend  to  embrittle  the  alloy  and,  since 
this  markedly  affects  Its  performance  under  stress,  the  addition 
of  other  ele manta  are  necessary  to  counteract  the  effect  of 
aluminum. 

Although  zirconium  Is  completely  soluble  In  alpha-*: Itanium, 

Its  lonio  radius  Is  35*4  percent  larger  than  titanium,  a  factor 
that  may  affect  oxide  porosity,  destroy  surface  passivity,  and 
cause  the  observed  change  in  slope.  However,  the  large  amounts 
of  zlroonium  In  the  alloy  are  less  damaging  than  the  smaller 
amounts  of  the  other  elements  which,  with  the  ezeeption  of 
oxygen,  prefer  the  beta  phase  and  have  restrleted  solubilities 
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In  the  alphe  phaae.  Fr(^ferential  attack  of  the  beta  phases  by 
salt  has  been  observed  on  a  nuniber  of  previous  oooasions. 

The  relative  oxide-chloride  stability  is  a  prime  factor  not 
only  in  determining  the  surface  passivity  of  the  alloys,  btA 
also  in  determining  the  mode  of  attack  and  controlling  the 
reaction  rate.  A  non-poroua,  non-reactive  oxide  film  uould 
be  a  deterrent  to  the  reaction,  but  such  a  film  does  not  form. 

If  the  ohloride  products  are  stable  (or  oxidize  slowly  enough 
for  an  appreciable  concentration  to  build  up),  they  will 
dissolve  in  the  corrodent  and  change  its  melting  point— 
possibly  lovier  it  to  the  point  where  the  corrosive  mlxtwe  is 
liquid.  If,  on  the  other  hand,  the  ohloride  oxidizes  rapidly, 
gaseous  chlorine  will  be  the  oorroalve  agent.  A  change  from 
one  mode  of  attack  to  the  other  would  appear  as  a  change  of 
slope  on  a  rate  curve. 

In  looking  at  the  binary  data,  titanium  dlchloride  (which  for^  . 
a  eutectic  at  ^0  weight  percent  of  sodium  chloride  and  1121P)'47/ 
and  aluminum  ohloride  (which  forms. a  eutectic  at  21  weight  per¬ 
cent  of  sodium  ohloride  and  23OP) oxidize  rapidly  to 
give  a  rate  curve  having  a  uniform  shape.  (Aluminum,  it  is 
reported,  if.ppt  volatilized  as  a  chloride  in  an  oxidizing  at¬ 
mosphere,  The  other  binaries  show  a  change  in  slope 

after  short  periods  of  time.  This  time  delay  could  signify  a 
build  up  in  concentration  of  the  corrosion  products  to  the 
point  where  they  lower  the  melting  point  of  salt  sufficiently 
for  a  liquid  phase  to  form  and  accelerate  the  general  attack. 
(Zirconium  tetrachloride  forms  a  eutectic  at  12  weight  percent 
of  sodium  ohloride  and  320Pj  information  has  not  been  found 
on  the  other  systems.) 

B,  Composition  Modification 

Based  on  previous  findings,  some  changes  were  made  in  the  composition 
of  the  super-alpha  alloys  by  increasing  or  decreasing  the  amounts  of 
the  constituent  elements.  Data  from  the  studies  of  the  binary  alloys 
Indicated  that  corrosion  damage  increases  with  increasing  amounts  of 
zirconium  and  that  aluminum  increases  resistance  to  salt.  Therefore, 
we  reduced  the  amount  of  zirconium  in  the  alloy  and  prepared  Ti-10Zr-7Al. 
Tests  with  this  alloy  in  moving  air  confirmed  the  findings  of  the  binary 
study,  but  Ti-10Zr-7.^Al  was,  for  an  unknown  reason,  less  resistant. 
However,  the  improvement  in  salt  resistance  given  by  Ti-10Zr-7Al  is  not 
conclusive  enough  to  recommend  a  change  without  an  additional  and  more 
complete  investigation. 
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Vitnadlutn’ln  binary  oooiblnat Ion  with  tltanlun  waa  alao  found  to  lower 
reaistanoe*'  Therefore,  an  Alloy  with  a  redueed  vanadium  ooat^t,  Ti- 
8a1'’1.5Ho-0.57  waa  prepared*  Salt  teata  of  thla  alloy  in  moving  alf 
gave  an  improved  oorroaion  realatanoo  compared  to  that  of  Ti-SAl-lHo-lV. 
Again,  however,  additional  and  more  complete  teata  are  advlaable  to 
confirm  the  indication  provided  by  tbeae  data. 

The  data  from  theae  and  other  teata  are  ahown  In  Table  XXXII*  Data 
are  presented  for  each  alloy  for  teata  made  in  a  furnace  through  which 
air  was  passed  (at  52^  ml/mlnute,  a  rate  sufficient  to  change  the  air 
in  the  furnace  once  every  three  minutes),  and  also  In  a  stagnant 
furnace  atmosphere.  Because  of  better  control  of  the  variables,  the 
teats  in  moving  air  are  considered  more  reliable  for  comparing  alloys* 
The  teats  in  the  stagnant  furnace  atmosphere  reflect  the  variable  and 
generally  more  severe  conditions  present  In  the  furnace.  This  is 
espeolally  true  since  volatile  oompounds  and/or  gases  are  evolved 
during  the  corrosion  reaction  and  are  retained  for  uncertain  periods 
of  time  by  the  refractory  brick  In  the  furnace. 

Theoretical  oonsideratlons  indicated  that  a  titanium  alloy  containing 
15  weight  percent  of  zirconium  and  3  weight  percent  of  aluminum  should 
on  the  basis  of  lojtilc  radii  and  a  nunbor  of  approximations  give  a 
strain-free  surface  oxide  at  normal  temperatvu?e3  and  possibly  Impart 
greater  protection  against  salt.  Tests  St  1200P  In  a  moving  atmosphere 
showed  tills  alloy  to  corrode  more  slowly.  The  corrosion  rate  curve 
has  a  plateau  that  may  signify  a  halt  that  occurs  after  surface  oxides 
build  up  to  a  maximum  thlokneiss  and  before  dissolution  of  the  oxide 
film  by  salt.  An  alloy  containing  twice  the  amount  of  zirconium  and' 
aluminum  in  the  above  sample  completely  deteriorated  during  the  test. 

It  Is  believed  that  the  passivity  of  this  alloy  was  destroyed  by  the 
excessive  amount  of  zirooniivn.  Because  of  the  high  ziroonium-to- 
alumlnum  ratios  neither  of  the  above  alloys  would  possess  the  mechanioal 
properties  required  of  the  super-alpha  alloys. 

Also  Included  In  Table  XXXII  ere  teats  made  on  different  melts  of  the 
super-alpha  alloys.  Very  little  difference  was  noted  In  the  oorrosion 
rate  of  Tl-12Zr-7Al  prepared  from  pure  alloying  elements  and  a  sample 
from  the  sheet  whloh  supplied  the  base  to  which  minor  alloying  addi¬ 
tions  were  made.  This  was  not  true  In  the  case  of  TI-8AI-IJI0-IV*  A 
sample  prepared  from  alloying  elements  had  a  much  smaller  oorrosion 
rate  than  did  a  sample  from  the  sheet  which  supplied  the  base  for  minor 
alloying  additions.  Although  both  materials  had  the  same  processing 
schedule,  a  metallographio  examination  showed  the  sample  with  the  lower 
corrosion  rate  had  been  worked  to  a  slightly  greater  degree  tlm  the 
other  material.  This  feature  is  obssz*ved  in  Figure  56(a)  and  (b)  for 
the  two  TI-8AI-IM0-IV  alloys  listed  in  Table  XXXII,  Efere  the  fins- 
grained  worked  structure  in  Figure  56(b)  gave  a  lower  salt  oorroalcm 
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rat«  than  the  ooaraer  straotuE>a  in  Figure  ^6(a).  These  data  and  ttie 
data  from  tests  on  the  effect  of  minor  alloying  additions  suggest  that 
small,  irooesslng  differences  may  have  a  large  effect  on  the  salt  oorro- 
Sion  resistance  of  TI-8AI-IM0-IV, 

C,  Effect  of  Minor  Alloy  Additions 

!•  Effect  of  Additions  to  Tl"12Zr“7Al  and  Tl-SAl-lHo-lV 

a •  General  Salt  Corrosion 

The  effect  of  some  minor  alloy  additions  upon  the  general 
salt  corrosion  of  Tl-12Zr“7Al  and  TI-6AI-IM0-IV  Is  shown 
in  Tables  XXXIII  and  XXXIV*  and  In  Flguros  ^7  and  58«  The 
figures  show  the  extent  of  the  corrosion  of  the  modified 
alloys  after  hours  at  1200P,  The  tables  give  data  for 
periods  of  2,  6  and  2^  hours  at  1200P,  These  data  were 

taken  from  weighings  made  on  a  salt-coated  sample  that  was 
suspended  from  a  balance  into  a  vertical  tube  furnace  at 
1200P*  Air  was  dried  and  passed  through  the  furnace  at 
5*'5  ml/rainute,  a  rate  sufficient  to  change  the  air  in  the 
furnaoo  onco  ovory  three  mlnutea*  Corrosion  of  most  of 
the  alloys  followed  the  rate  law  W  =  kt^,  where  W  equals 
the  Increase  In  weight  resulting  from  the  formation  of 
udhoront  corrosion  produota,  t  is  time,  and  k  and  n  are 
constants. 


Data  are  also  given  In  the  tables  for  tests  conducted  in 
a  muffle  furnace  without  forced  circulation  of  air.  In 
about  every  case  the  fumaoe  atmosphere  acoelerates  the 
attack  and  ospeolally  with  samples  contalnluR  additions 
which  yield  volatile  chlorides. 


Salt.  Corrosion  of  Stressed  Samples 

The  behavior  of  a  sample  towards  general  salt  corrosion 
does  not  necessarily  indicate  how  the  material  will  perform 
when  atreaaed  under  corrosive  conditions.  An  addition  that 
uoreaaes  the  normal  corrosion  reslstanovi  of  an  alloy  may 
Mve  an  adverse  effect  upon  Its  mechanical  properties  or 
Increase  Its  susoeptiblllty  to  stress  corrosion.  The  effect 
or  stress  upon  the  salt  corrosion  of  the  modified  alloys 
was  exa^ed  by  coating  tensile  specimens  between  the  gage 

creep  testing  them  at  7OOP  under  a  load 
of  70  ksl  for  100  hours.  The  resiats  of  these  tests  are 
given  In  Tables  XXX7  and  XXXVI, 
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a*  Ixiaji»j3i?jLl(m 

Data  were  oolleeted  on  the  ^heral  oorroslon  realstanoe  of  the 
alloya  by  ffleaaurlng  the  weight  change  of  aalt  coated  aaznplea 
during  a  fixed  period  of  ti^«  Snail  net  weight  changes  in 
themaeltes  are  not  an  adequate  neaaure  of  the  damage  caused  by 
salt  because  part  of  a  weight  Increase  could  represent  the 
development  of  a  protective  or  semi-protective  oxide  film  that 
retards  the  reaction.  At  the  same  time  a  sample  is  gaining 
weight  due  to  salt  attack  and  oxidation  of  the  metal  it  is 
losing  weight  as  chlorine  is  evolved  during  the  oxidation  of 
some  of  the  metal  chlorides  formed  In  the  oorrcsion  reaction. 

The  rapid  Intergranular  attack  that  contributes  to  stress 
corrosion  failure  Is  not  necessarily  repi*esented  by  a  measurable 
weight  change.  Therefore «  a  correlation  between  the  results  of 
the  general  salt  corrosion  teats  and  the  data  from  the  salt- 
creep  tests  cannot  be  expected.  The  former  tests  represent 
the  change  in  the  surface  characteristics  produced  by  alloying 
while  the  latter  testa  measure  the  effect  of  the  alloying  element 
upcjn  the  bShavlor  of  the  alloy  when  stressed  5n  a  corrosive 
atmosphere . 

The  general  corrosion  resistance  and  the  stress  corrosion  re¬ 
sistance  as  measured  by  creep  resistance  of  the  salted  sample , 
salt  penetration,  and  residual  ductility  were  all  used  to 
evaluate  the  effect  of  minor  alloy  additions  upon  the  salt 
corrosion  of  the  aupez>-alpha  alloys.  Data  were  collected  on 
control  samples  run  without  salt  in  order  to  assess  the  effect 
of  the  addition,  upon  the  meohanloal  properties  of  the  base 
alloys  £0  that  these  effects  could  be  separated  from  those' 
which  affect  the  stress  corrosion  resistance  of  the  alloys. 

In  general,  taking  into  account  factors  such  as  variable  salt 
adherence  and  other  sotirces  of  experimental  error,  the  corrosion 
roslstanoe  of  unstressed  Ti-12Zr-7Al  was  found  to  be  good  and, 
with  the  exception  of  additions  of  copper  and  nickel,  not 
altered  to  any  large  degree  by  small  alloy  additions.  Addi¬ 
tions  of  antimony,  gadolinium,  and  yttrium  resulted  In  the  most 
significant  reduction  in  the  corrosion  rate  at  1200F  In  moving 
air  while  additions  of  palladium  and  yttrium  showed  significant 
Improvements  in  a  corrosive  atmosphere  In  which  circulation 
was  limited.  An  examination  of  the  fractures  of  tensile  tested 
samples  from  the  salt-creep  tests  showed  additions  of  manganese 
and  palladium  to  result  in  the  smallest  amount  of  salt  penetra¬ 
tion. 
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The  dependenbe  of  the  salt  oorrosion  reslstanbe  of  | 

upom  the  amoimt  that  It  Kas  vorked  during  proeebsiag«  smtluned  1 
lA  a  previous  seetlon  of  this  report,  «aa  brought  to  I 

during  these  alloy  studies.  The  alloys  prepared  for  these  tests  | 
were  processed  by  a  uniform  procedure,  but  apparently  suffered 
from  a  smaller  amount  of  vork  and  gave  higher  oorrosion  rates 
than  had  been  observed  In  earlier  uork.  Additions  of  yttrium, 
nlokel,  and  antimony  gave  the  greatest  Improvement  In  the 
general  salt  corrosion  resistance  of  Tl-SAl-lMo-lV  In  moving 
air  vhlle  manganese  and  oolumblum  Improved  the  resistance  In 
a  corrosive  atmosphere  having  limited  olroulatlon.  Although 
many  of  the  additions  considerably  lessened  the  oreep  resistance 
of  the  alloy,  they  did  not,  with  the  exception  of  nlokel,  show 
a  prominent  penetration  as  Indicated  by  an  examination  of  the 
break  of  tenslle-tested  samples  from  the  salt-oreep  tests. 

The  following  alloys  oould  not  be  processed  using  the  rolling 
sohedvilo  given  in  the  beginning  of  this  section:  Additions 
of  1.0  and  0,^  percent  yttrium,  0^^  percent  beryllium,  0.1 
percent  mischmetal,  and  1,0  percent  tnorlum  to  Tl-l2Zr-7AlJ 
Additions  of  1,0  and  0.5  percent  yttrium,  0.5  percent  bery¬ 
llium,  0,1  percent  gadolinium,  and  0,1  percent  mischmetal  to 
Tl-dAl-lMo-lV,  With  higher  rolling  temperatures  It  Is  possible 
that  some  of  these  alloys  could  be  converted  to  sheet. 

This  survey  of  the  effect  of  small  alloying  additions  upon  the 
salt-stress  behavior  of  the  super-alpha  alloys  at  elevated 
temperatures  indicates  that  subtle  effects  are  produced.  Be¬ 
cause  of  the  many  variables  encountered  in  salt  testing  these 
alloys,  some  of  these  effeots  are  masked.  Therefore,  analyses 
of  those  effeots  Is  difficult  unless  oaoh  alloy  or  the  most 
promising  alloy  systems  are  studied  more  extensively  with  the 
variables  separated  and/or  reduced  in  number, 

D,  Study  of  Selected  Alloys 

Five  pound  Ingots  of  alloys  soloeted  from  the  above  study  wore  pre¬ 
pared  as  follows: 


Tl-12Zr-7Al 

Tl-12Zr-7Al-lJ!n 

Tl-12Zr-7Al-0.2Pd 

Tl-l2Zr-7Al-0.1T 

Tl-10Zr-7Al 


T1-8A1-1MO-1V 

Tl-SAl-lMo-lV-lHn 

Tl-8Al-lMo-lV-0.2Pd 

T1-8A1-1Mo-1V-0,1Y 

Tl-8Al-ll!o-lCb 


The  Ingots  fron  the  Ti-l2Zr-7Al  series  were  processed  as  follows:  hot 
rolled  50  percent  at  1850P  to  3A  lo»»  Oross-rolled  at  1650P  to  i  In,, 
with  final  rolling  at  1500F  to  0,060  in,;  annealed  30  minutes  at  140OF 
and  air  oooled. 
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The  Ingota  frdni  the  Tl-SAl-lXo-lV  series  were  proeesaed  as  rolleiisji  hot  I 
rolled  10  percent  at  l850P--eraokiag  developed  Md  the  rolUag  Hhfl  there-| 
fore  oohtlat»d  at  1950P  with  reduotloA  to  3/U*“"0*'08s-yollod  at  IT^OPi 
to  i'la*  with  final  rolling  at  l^OOF  to  0«060  In.;  annealed  30  minutes  \ 
at  ll^OOF  and  air  cooled.  | 

Pieces  were  cut  from  the  sheet  to  prepare  samples  for  studying  the 
general  and  stress  corrosion  behavior  of  the  alloys.  Data  from  the  , 

general  corrosion  tests  are  given  in  Table  XXXVIX  and  Figures  ^9  and 
60.  Creep,  salt-creep  and  tensile  test  data  are  given  In  Table  XXXVIII.  ' 

Qeneral  salt  corrosion  tests  of  aa2iq[>les  of  sheet  prepared  from  the 
five  pound  Ingots  showed  a  varied  behavior.  The  addition  of  small 
amounts  of  manganese  and  yttrium  to  the  Tl-12Zr-7Al  alloy  failed  to 
Impart  the  corrosion  resistance  that  was  observed  in  earlier  tests. 

The  reduction  In  the  amount  of  zirconium  in  the  alloy  had  a  greater 
effect  in  reducing  the  rate  of  salt  attack  than  the  addition  of  small 
amounts  of  alloying  elements,  and  it  also  gave  the  most  significant 
improvement  In  performance  in  the  salt-creep  tests.  The  addition  of 
palladitam  and  yttrium  improved  the  salt-creep  performance  of  both 
Tl-l2Zr-7Al  and  Tl-SAl-iMo-lV.  The  addition  of  palladium  to  T1-8A1- 
IMo-lV  gave  better  results  in  the  general  corrosion  tests  than  were 
observed  earlier.  The  addition  of  manganese  and  the  substitution  of 
columblum  for  vanadium  in  this  alloy  gave  materials  having  a  higher 
rate  of  attack. 
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APPHNDIX  A 

Methods  of  Calculating  Streas  for  Cracking  Tests 

Several  methods  were  studied  for  calculating  the  maximum 
stresses  in  samples. stressed  In  an  arc  as  indicated  In  Figure  61. 
Champion's  book^l23>  contains  a  very  complete  assembly  of  formulas  and 
techniques  for  stress  corrosion  cracking  studies.  Several  of  the 
simpler  equations  are  derived  and  their  applicability  to  this  study  is 
discussed. 

A.  Equation  of  Hatfield  and  Thirkell^^^^^Csee  also  Brenner ) 

The  equation  given  by  the  above  authors  for  calculating  the  stress 
in  a  curved  specimen  is: 

S  =  Et/2r  (1) 

where  S  =  the  raaxlmxim  stress  in  the  outer  fibers 
E  =  Modulus  of  elasticity 
t  =  thickness 

r  =  radius  of  curvature  to  the  center  line 

The  equation  is  derived  in  the  following  manner  with  reference  to 
Figure  61; 


a  =  rO 

a^=  (r+t/2)e 


(2) 

(3) 


therefore,  the  elongation  in  the  outer  fibers  resulting  from  the 
application  of  stress  is; 


a  =  (t/2)e 


(4) 


but,  E  =  stress/straln  =  load  per  unit  area/ (elongation/original 
length)  therefore,  stress  =  (E  x  elongation)/orlginal  length,  or 


S  =  Et/2r 

B.  Equation  of  Loean  and  Hessing 


(5) 


(126) 


The  above  authors  give  the  following  equation  for  calculating  the 
maximum  stress  in  the  outer  fibers  of  the  central  section  of  a 
specimen  formed  to  the  arc  of  a  circle: 


S  =  VEtd/L^ 
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where  S  -  the  maximum  stress  In  the  outer  fibers 
E  s  Young's  modulus 

t  a  thickness  .  ,  , 

d  a  distance  from  the  outer  fibers  of  the  arc  to  the  chord 
L  =  length  of  chord 

This  equation  can  be  derived  from  equation  (1)  again  with  reference 
to  Figure  61: 

r^  a  (r-d)2  +  (L/2)2  (7) 

expanding  this  gives: 

-2rd+d2+L^/4  =0  (8) 

since  d  Is  small  compared  to  L  and  r,  d  is  neglected,  and 

rd  =  l2/8,  or,  C9) 

r  =  L^/Sd  (10) 

substituting  (10)  into  equation  (1)  gives: 

S  =  4Etd/L2  (11) 

For  their  measurements,  the  authors  used  a  dial  gauge  reading  to 
0.0001  inch  attached  to  a  plunger  centered  between  two  fixed 
pointers  spaced  two  inches  apart.  The  equation  reduces  to  S  =  Etd 
for  a  two-inch  chord.  They  found  the  stress  to  differ  by  less  than 
two  percent  at  3/4  of  the  yield  strength  from  the  true  stress  In 
the  outer  fibers  as  determined  by  strain  gage  measurements.  Of 
course,  the  accuracy  of  the  answer  depends  largely  upon  the  amount 
of  deflection  of  a  sample  relative  to  its  length. 

C.  Equation  Used  in  Column  Loading 

When  the  yield  strength  Is  not  exceeded,  the  maximum  stress  in  the 
outer  fiber  can  be  calculated  by  means  of  the  following  equation: 

S  =  Etdr'V2L^  (12) 

where  the  symbols  employed  are  the  same  as  In  section  B. 

This  eqviatlon  is  derived  from  Euler's  equation  for  a  pin  ended  long 
column  In  which  the  critical  buckling  load,  Per,  is  given  by: 

Pcr=')rEI/L2  (13) 
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where  I  =  the  moment  of  inertia  of  the  strip  cross-section... 

The  bending  moment  M  concentrated  at  the  point  of  maximum  deflection 
is  given  byj 

M  =  Per  X  d  (l4) 

From  the  elementary  beam  stress  formula 

S  =  Mt/2I  (15) 

By  making  the  appropriate  substitutions  equation  (16)  is  obtained. 

S  =  EtdTT  ^/2L^  (16) 

D.  Comparing  the  Above  Equations 

Equation  16  has  been  found  to  be  accurate  only  if  very  precise  co.r.- 
dltions  are  known  (such  as;  specimen  straightness,  alignment,  and 
load  application).  A  discussion  of  column  loading  in  strengtn  of 
material  texts  indicates  that  excessively  high  values  can  be  ex¬ 
pected  by  the  use  of  this  equation,  particularly  since  the  actual 
buckling  load  is  usually  much  less  than  the  calculated  value. 
Consequently,  equation  (16)  is  not  the  best  for  stress  calculations. 
Equation  (11),  because  it  neglects  d^  on  the  assumption  that  d  is 
small  compared  to  L,  is  less  accurate  than  equation  (5). 

Equation  (5)  was  considered  the  best  for  this  work  and  was  used. 

This  equation  is  based  on  the  strip  specimen  bent  into  a  circular 
arc  and,  although  this  is  not  actually  the  case  with  the  present 
testing  apparatus,  the  approximation  is  quite  good.  The  radius  of 
curvature  was  measured  with  sufficient  accuracy  for  our  needs  by 
using  a  geometric  construction  and  elementary  mathematics. 
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.  TABI^  II 

Effact  of  Mftfeal  Caetdes  ea  fefae  ef  - 


Weight  Increase 
(g/sanare  inch)* 

Less  than  0.05 

0.5  to  0.10 


Metal  Oxide 

(1^  Metal  Oxide  In  Sodium  Chlei»lde>* 
ASgO^j  Co^Oi^i  Cu2^y  MoO^  j  NIO^ 

Sn02 

Al^O^,  SbjO^,  BlgO^i  CdO,  CuO,  Didy- 
mlum  Oxide,  NdgO^,  Pr202»  SnO,  ZnO 


Titanium  Metal  +  Salt  for  24  Hours  at  1200F 


0.10  to 

0.15 

F.jO,,  NlOj,  TeOj,  IlOj,  ZrOj,  Y2O3 

0.15  to 

0.20 

''2°3'  ''2°5 

Greater 

than  0.20 

^^2^'^*  PbO,  Pb02,  MnO^j  AgjO,  Ta20^ 

VO.. 

’Mixture  of  \%  metal  oxide  in  NaCl  applied  as  a  slurry  to 
samples  of  titanium  which  were  dried  and  suspended  in  a 
furnace  for  2^  hours  at  1200F. 

<1 

The  weight  increase  does  not  necessarily  reflect  the  degree 
of  damage  to  the  titanium  metal,  but  the  change  in  the  over¬ 
all  system.  The  weight  change  can  Indicate  volatilization, 
oxidation,  or  some  other  effect,  but  samples  which  increased 
more  than  0.1  g/square  inch  generally  showed  a  significantly 
greater  attack  of  the  metal  in  the  presence  of  the  oxide 
than  without  the  oxide  present. 
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The  Effect  of  Temperature  on  the  Salt  Corrosion  of 
Titanium  Alloys  for  IS^Thout  Exposure s 


Weight  Gain  (g/souare  Inch) 


Temperature 
°P  . 

A70 

Tl-12Zr-7Al 

T1-8A1-1MO-1V 

700 

-0.0005 

-0.0010 

-0.0011 

800 

+0.0002 

-0.0002 

-0.0003 

900 

0.0015 

+0.0029 

+0.0013 

1000 

0.0054 

0.0060 

0.0111 

1100 

0.0242 

0.0140 

0.0179 

1200 

0.0864 

0.0162 

0.0420 

1300 

0.1517 

0.0485 

0.0893 

1400 

0.5426 

0.2097 

0.0902 
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-TABia-Tm 


Effeet  of  High  Temperature  Exposure  on  ±hB 
CgffgalOILgrAgKlOE  QC^Q^e.rglftl3-y  pgpa  ntantun  Sheet 


Condition  Qf  Material*  yiqe  .ot  tiggt** 


AsaarKa 


As 

received 

24 

hours 

at 

1700F 

16 

hours 

at 

1800F 

CM 

hours 

at 

1800F 

40 

hours 

at 

1800F 

1 

hour 

at 

1900F 

2 

hours 

at 

1900F 

4 

hours 

at 

1900F 

5 

hours 

at 

1900F 

6 

hours 

at 

1900F 

7 

hours 

at 

1900F 

8 

hours 

at 

1900F 

20  days 

None  cracked. 

20  days 

None  cracked. 

20  days 

One  cracked  in  li  days;  five  did 
not  crack. 

20  days 

None  cracked. 

20  days 

One  cracked  in  1-^  days;  two  did 
not  crack. 

20  days 

None  cracked. 

20  days 

None  cracked. 

20  days 

Six  tested;  none  cracked. 

20  days 

Six  tested;  none  cracked. 

2i  hr;  1  day;l  day 

5  hr; 20  days;  20 
days 

Six  tested;  all  but  two  cracked. 

Instjt  hr}t  hr 

All  cracked. 

inst;inst;inst 

All  cracked  immediately  upon 
contact  with  the  aggressive 
medium. 

•Heat  Number  T6-176630-5,  All  samples  were  in  the  mill-annealed  (as- 
received)  condition  and  given  additional  treatment  as  indicated,  grit 
blasted,  and  desklnned  a  minimum  of  4  mils  per  side. 

♦•Tested  in  triplicate  or  as  indicated  at  approximately  75,000  psl  in  5% 
HCl  for  20  days  or  until  failure  occurred. 
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mmM 


Effect  of  Hlgh_Iejnpflr&tttre 


Stress 


ir.e.-p4,1;)3ia 


orroslon  Cr.ac^fe^^of  Tl-122r^7AL  Shee^t 


Condition  of  Material 


Time  of  Test 


Reamts. 


As  received 
16  hours  at  I80OF 
24  hours  at  I8OOF 

1  hour  at  19OOF 

2  hours  at  19OOF 

3  hours  at  I90OF 

4  hours  at  19OOF 

4  hours  at  1900F 
4  hours  at  190OF 
6  hours  at  190OF 
i  hour  at  2000F 


20  days 

None  cracked. 

20  days 

None  cracked: 

PO  days 

None  cracked: 

20  days 

None  cracked. 

20  days 

None  cracked. 

20  days 

None  cracked. 

Inst;  Inst; 

inst 

All  cracked  immediately  upon 
contact  with  the  test  medium. 

2i,  2i  hours 

All  Cracked. 

20  days 

Calculated  stress  of  68,000  psl 

inst;  inst; 

1  day 

All  cracked. 

20  days 

None  cracked. 

♦Heat  Number  R9832I-I.  All  samples  had  been  annealed  1  hour  at  1600P  (i.e,, 
as  received)  and  then  given  additional  high  temperature  exposures  as  indi¬ 
cated,  grit-blasted,  and  deskinned  a  minimum  of  4  mils  per  side* 

♦•Tested  in  triplicate  at  80,000  psl,  or  as  indicated,  in  HCl  for  20  days 
or  imtil  failure  occurred. 
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2  hours  at  190OP  20  days  None  cracked. 
4  hours  at  190OF  20  days  None  cracked. 
6  hours  at  19OOF  20  days  None  cracked. 
8  hours  at  19OOF  20  days  None  cracked. 


10  hours  at  190OP  20  days;  20  days;  All  specimens  showed  some 

5-1/6  days  attack,  but  In  only  one  was 

12  hours  at  I9OOF  20  days;  20  days;  crack  propagation  complete. 

17i  days 

16  hours  at  I9OOF  2  days;  12^  days;  All  cracked. 

broke  on  loading 


*Heat  Number  R98369.  All  samples  had  been  annealed  one  hour  at  I8OOF, 
air  cooled  to  HOOF,  held  8  hours  and  air  cooled  to  ambient  temperature 
and  then  given  additional  exposures  as  Indicated,  grit-blasted,  and 
deskinned  a  mlnimxim  of  3  mils  per  side  prior  to  stressing  in  5/»  HCl. 

**Tested  in  triplicate  at  about  78,000  psi  in  5/^  HCl  for  20  days  or  until 
failure  occurred. 
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Flgare  1:  The  Relationship  Between  Free  IJnerpy  Changes 
and  Tomperatiu-e  for  Reactions  of  Compounds 
of  Titoniun  and  Cjtygan .  (Ref.  100) 
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Figure  2.  Tho  Relationship  Hetween  Free  Ensppy  Changes 
and  Temperature  for  Reactions  of  Compounds 
of  Titanium,  Oxygen,  end  Chlorine,  (Re.:,  100) 
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Vlnol  Toofanloal  Roporb 
Omtrtet  NOoa  60*6004 *e 


Temper 8 ture 


P’if’ure  The  Re  lat  Icnaii  ip  uet-^jeen  ?ree  Enei’py  Change 

and  Tomperature  for  Reactions  of  Compounds 
of  Titanium,  Oxypen,  Chlorine  and  Sodium. 
(Ref .100,101,1021 
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Figure  U:  The  Ro lationahlp  Between  Free  Energy  Changes 
flnd  Temperature  for  Reactions  of  Compounds 
of  Titanium,  Oxygen,  Chlorine  and  Sodium 
Showing  Titanate  Formation.  (Ref  1 ,  ICD, 101, 102) 
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Fljcure  g 

Attack  of  Sodium  Chloride  on  Tl-12Zr-7Al  Sheet 
After  100  Hours  at  900F,  Dark  Blister  Oorroaion 
Froduot  Ikiderlylng  Sodium  Chloride  Crystals  Is 
Largely  TIO^.  20X 


Crucible  Steel  Company  of  Amerios 


Final  Teohnloal  Report 
Contract  NOaa  60-6004-0 


Figure  6{  Sffeot  of  Additions  of  Aluminum  Oxide  end 
Ohroffllo  Oxide  to  Salt  'Opon  the  Corrosion 
of  Titanium 


height  Inoreaae  higher  then  indicated  since  corrosion 
products  wore  not  ell  recovered. 
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B  0.02 


PlgUFfl  7s  Tb*  Aoeeleratsd  Oxidation  of  OorntBoroiallT  Pure  Titanium 
(A70)  vban  Liberally  Coated  vlth  Sodium  Chloride, 

HOTOi  A  aalt-free  aample  teated  at  lOOQP  for  ll6  houra 
and  s  8alt*>ooated  aaispla  teated  at  800P  for  15^  houra, 
gained  leas  than  0,001  g/aquare  Ineh. 
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71gar«  8t  The  AooeXereted  Cxldition  of  Salt  Coated  Titanium 
A11o7«  at  I200P 

Cruelble  Stael  Company  of  Amerlea  Pinal  Teehnioal  Report 

Oontraet  NOaa  6O-6O04-0 


3 


SR] 


12 


Time  (hours) 


Figure  9j  The  Accelerated  Oxidation  of  Salt  Coated 
Tltanlom  Alloys  at  lOOOF. 
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Figure  IQt  A  Conperlion  of  Selt  Gorroeioa  eud  Normal 
0*ldttl«x  of  Titanium  Alloys  at  12Q0F 
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Flgui’e  11;  A  ComparlBen  of  Silt  Corrosion  and  Normal 
Oxidation  of  Titanium  Alloys  at  lOOOP 
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Flgttr*  12:  Vhe  BffaQt  of  Taaq^erature  U^on  Salt  Ooatad 
fltanium  Alloya  Exposed  for  16*- Hours 
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Figure  13 

Intergranular  Pitting  Attaok  on  Surface  of  Salt-Coated  Tl-l2Zr«7Al 
Sheet  Exposed  100  Hours  at  800F  Without  Stress.  Sheet  Condition: 
Hot  Rolled  at  1800F  and  Annealed  1  Hotir  at  16^0?.  3()0X 


Figure  Hi 


Intergranular  Attack  on  Surface  of  Salt-Coated  Tl-lEZr-yAI  Sheet 
Exposed  22  Hours  at  800P  With  8o  kal  Tensile  Stress.  Sheet  Con¬ 
dition  Same  as  Figure  I3,  30QK 

NOTE:  All  Metallographio  Samples  in  this  Report  Etched  With 
1HP-2HN0^ . 
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Figure  Ij:; 


Intergranular  Attack  on  Siu^face  of  Salt-Coated  Tl-12Zr-7Al  Bar 
Exposed  100  Hourd  at  OOOF  Without  Sfci’esa,  Bar  Condition:  Hob 
Rolled  at  i9i>0F  and  Aiinealed  1  Houi’  at  1650F,  300X 


Figure  16 

Tranagranular  Cracking  on  Surface  of  Salt-Coated  Tl-12Zr«7Al  Bar 
Exposed  66  Hours  at  SOOF  With  80  ksl  Tensile  Stress.  Bar  Ooadl- 
tlon  Same  as  Figure  15.  300X 
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Figure  17 

The  Surface  of  a  Salt -Corroded  Tensile  Sample  of  Tl-12Zr-7Al 
Sheet.  The  Sample  was  Coated  with  Salt  and  Exposed  100  Hours 
at  900P  with  30  kai  Tsnalle  Stress,  300X 


Figure  18 


Intergranular  Attack  on  the  Surface  of  a  Bend-Stressed  Sample 
of  Annealed  Ti-12Zr-7Al  Sheet  Heated  In  Dry  Air  Containing 
Clg  from  Room  Temperature  to  500F  and  Held  a  Few  Minutes.  3OQX 
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Rrindom  Attack  on  the  Surface  of  a  Bend-Stressed  Sample  of  Ti- 
12Zr-7Al  Sheet  Exposed  to  an  Aqueous  Solution  of  for  20 

Days  Without  Failure,  Sheet  Held  16  Hours  at  I6OOP  (alpha  + 
beta  region)  Before  Exposui’e  300X 


Same  Bend  Stress  and  HCl  Exposure  as  Figure  19  Exoept  Sheet 
Held  4  Hours  at  1900F  (Beta  Region)  Before  Exposure.  Sheet 
Palled  Instantaneoualy  by  Stress  Corrosion  Cracking.  Craoks 
are  Observed  to  be  Transverse  to  Alpha  Platelets.  3OOX 
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Figure  23 

A  Sample  of  Tl-SAl-lMo-lV  Showing  Origin  of  Craoks 
In  Primary  Alpha  Platelets.  The>  Specimen  had  been 
Exposed  at  1900P  for  10  Hours  and  Stressed  In  5^ 
HCl  Solution  for  5-1/6  Days  at  78  ksl,  500X 
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j  Tin»  -  Potential  OurT*  for  Titanium  Alloys 
In  Sit  HCl  Solution.  Solution  vas  Agitated 
at  Room  Temporature  by  an  Argon  Flow. 
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Flgur#  25j  ri«  -  Poteatiil  Ounrs*  for  Several  Heata  of 

Ti-12Zr-7Al  in  HCl  Solution.  Heats  R98321-I 
and  R9837OP  Prooeiaed  Below  1700P.  Heat  H98270B 
Hot  Rolled  at  19^0P,  Saatplea  Annealed  for  1 
Hour  at  1650P  and  Air  Cooled, 
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Flgiir«  26t  firm  **  Outybs  for  Al'O  in  Stagnant 

Solutisi  SbcrHing  Effont  of  High-Tomporst  ur«  ^poauro. 
Stmplas  Pravioualj'  Streasod  in  $%  HOI  Crsoking  of 

of  Sanpla  Exposed  for  7  Hours. 
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potential  (volts) 


Figure  2?!  Time  -  Potajatial  Curres  ot  Tl-12Zr-7Al  from  Streas 
Corroalon  Testa.  Saople  Sicpoaad  for  4  Hours  at 
190CV  Oraekad.  Potential  Hea aura manta  Hade  In  ^ 
HCl  Solution  Agitated  by  an  Argon  ?lou  at  Room 
Teuparatura 
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Figure  28t  TIm  -  Peten'dal  Ourres  of  Ti-SAl-lMo-IT  Vrem 

Stress  Corrosloa  Tests.  Sssple  Seposed  16  Hours 
at  1900?  Orsoked.  Potential  Measoreawnts  Made 
In  BDl  SolatloQ  Agitated  bj  an  Argon  PIom  at 
Boon  Teaperature. 
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Applied  Potential  (Volte) 


Figia>e  29:  Weight  Inoreaee  of  Titanium  Bleotrodee  In 
Salt  aa  a  Funotion  of  the  Applied  Voltage. 
(Sleotrodee  held  at  Indioated  roltage  for 
4  hours  at  1200F) 


Orueible  Steel  Company  of  Amerioa 


Final  Teehnioal  Report 
Oontraot  NOaa  60-6004- 
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Time  **  Hours 


Figure  30t  Elsotrode  Fotentlals  of  B12OV0A  Relatlye  to 

an  A70  Referenoe  Sleotrode  Msasttred  in  Sodiun 
Ohloride  at  the  TemparatuFas  Indloatad  in  the 
Praaanoa  of  Air. 
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Flgtxre  31:  Blaotroda  Potent Itla  of  Titanium  and  Titanium 
Alloya  HelatiTO  to  Coppor  and  Nieleel  in  Sodiun 
Chloride  at  1200P  in  the  Proaonoo  of  Air 
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Tensile  Cnjen  Stress  -  ksl 


Ti-122r-7Al 

(HoBt  R98321,  0.050"  Sheet 
m  1800P,  Anneel  1  Hr  1600P) 


Creep  Teraporoture  °p 


Figure  32:  Temper8tvu?e  Vs  Creep  Stress  to  Give  0,1  and 
0,2%  Plastic  Strain  In  100  Hours.  Tl-l2Zr- 
7A1  Sheet. 
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Tensile  Creen  Stress  -  k.si 


Tl-.I2Zr-7Al 

(Hflfit  R98370,  7/6"  Dlaa»fcer  Rod 
HR  1950P,  Anneal  1  m*  l6t;op) 


Cx*eep  Temperature 


Figure  33«  Temperature  Vs  Cresp  Stress  to  Give  0.1 
and  0.2^  Plastic  Strain  In  100  Bours. 
Tl-12Zr-7Al  Rod. 
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Tensile  Creep  Stress  -  ksl 


Tl-SAl-lMo-XV 

(Heat  R98369,  7/3*'  Diameter  Rod, 

HR  19S0F.  Anneal  1  Hr  1800P  +  8  Hra  HOOF) 
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Figure  3U!  Tempereture  Va  Creep  Stress  to  Give  0,1 
and  0.2^  Plastic  Strain  In  100  Hours, 
TI-8AI-IM0-IV  Rod, 
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Tensile  Creep  Stress  -  ksl 


Mill  /imiealod) 


TI-6AI-4V 

(G120AV) 

(Ifeat  a?89?,  0.050"  Sheet. 


Plguro  35!  Temperature  Va  Creep  Stroai*  to  Oivo  0,1 
and  0,25^  Plastic  Str'sin  In  100  ITours, 
T1-6a1-[4V  (C120AV)  Sheet. 
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Figure  36j  Effect  of  Salt  on  the  Notched  and  Ihnotohed  Hot 
Tensile  Strength  of  Bete-'Proceaaed  Tl-12Zp-7Al 
Rod.  {T/S"  Diameter,  HR  1950F,  Ann.  1  Tfr  l650F, 
At.  of  2  Tests.) 
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Figure  37s  Effect  of  Salt  on  the  Notched  and  Uinotched  Hot  Tensile 
Strength  of  A Iphn-Prooeased  Tl-12Zr-7Al  Sheet.  (0,050” 
thieU,  HR  16?0F,  Ann.  2  Hrs  l^OOP,  Av.  of  2  Tests.) 
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Figure  38?  Effect  of  Salt  on  the  Notched  and  thnotohed  Not  Tensile 
■  Strength  of  A Iphe-Plua-Beta-Prooeaaed  Tl-l2Zr-7Al  Sheet. 

(O.OhO*'  thick,  HR  1600P,  Ann.  1  Hr.  1650F,  Av.  of  2  Teats) 
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Tensile  Strength 


Figure  39j  Effect  of  Selt  en  the  Hot  Tensile  Strength  of  Longitudinal 
and  Transverse  Welds  on  Tl“l^i2r~7Al  Sheet.  thicki 

HR  1800P,  Ann.  1  Hr.  1650P,  Av.  of  2  Teats.) 
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PlguTtt  40*  Effect  of  Salt  on  the  Notched  and  thnotched  Hot  Teneile 
•  Strength  of  Beta-Processed  T I-8AI-IM0-IV  Rod.  (7/8"  Dia¬ 

meter,  HR  19?0F,  Ann,  1  Hr.  180OP  +  8  Hra.  HOOP,  Av ,  of 
2  Testa . ) 
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Figure  41 J  Effect  of  Salt  on  Notched  and  Uhnotohed  Hot  Tensile 
Strenerth  of  Alpha-Processed  Tl-oAl-lMo-lV  Sheet, 
(0.050"  thick,  HR  1650F,  Ann.  1  Kr.  1600F  8  Hra. 

HOOF,  Av.  of  2  Tests.) 
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Figure  42 J  Effect  of  Salt  on  Notched  and  ttuiotohed  Hot  Tensile 
Strength  of  AIpha-Plua-Beta-Proeessed  Ti-3Al*llno-lV 
Sheet,  (n^ncTn"  thlos,  HR  I8OOF,  Ann.  1  Hr  1800?  +  3 
Hrs,  1100?,  Av.  of  2  Testa.) 
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Plgura  43!  Effeflft  of  s*lt  on  th«  Hot  Tensile  Strength  of  Lcarigit  url  Inal 
and  Transverao  Welds  on  TI-Ba l»lMo-lV  Sheet,  {O.O^O”  thicii, 
HR  1800F,  Ann.  1  Hr.  iBnop  ♦  8  Rra.  HOOP,  Av.  of  2  Testa.) 
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Figure  UU 

A  Salt-Coated  TI-8AI-IM0-IV  Round  Tensile  Speci¬ 
men  After  lOO-Hours  Exposure  at  600P  Under  79 
ksl  Stress  2X 
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FtgUTB 

Condition  of  Ti-OAl-lMo-iV  Round  Tensile  Speci¬ 
mens  After  Salt  Exposure  at  Temperature  and  Stress 
Indicated.  Samples  vere  Tensile  Tested  After 
Creep  Exposure. 
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Figure  U6 

Intergranular  Salt  Attack  on  Surface  of  TI-6A1-4V 
After  100  Hours  at  800P  and  39  ksl  Stress.  Pre¬ 
ferential  Attack  of  the  Dark-Etching  Beta  -f  Alpha 
Transformation  Structure  Is  Noted.  500X 


Oruolble  Steel  Company  of  Aaarloa 


Final  Teohnioal  Report 
Oontraot  NOas  60-6004*0 


Hydrogen  (ppm)  11  155  283  445  66O 

Figure  47s  Effect  of  Hydrogen  on  the  Tensile  Stability  of 

Tl»l2Zr-7Al  Sheet  After  100  Hours  BAposure  at  7'^'Oi-’ 
a 3  Influenced  by  Salt  and  Stress 


Cruclbls  Steel  Company  of  Amortoe 


Pljiol  Teohnicel  Report 
Contract  NOaa  60-6no)t-c 


Figure  U8 

Al-Dlp  Ti-12Zr-7Al  Sheet  Teneile  Speolmen  Whioh 
Filled  after  ll6**Kour  Salt-Creep  Exposure  at 
lOOOF  and  8  kei  Stress.  Cracks  Propagated  From 
Edges  where  Aluminum  Coating  was  Less  than  0.0005" 
Thlok.  kX 
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Figure  U9i  ?.  oteting-Been  Pet  ip^ue  Propsrtltc  of  ri-lZ/.r-TAi  , 
Tl-3Al-:iMo-lV  and  TI-OmI-^V^ 
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Rotatlx.\g>Deem  Fatigue  Samples  in  the  As-Haohlned 
and  Coated  Conditions  Prior  to  Testing.  IX 
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Plgare  51)  Weight  Increase  ef  Salt^'Ccated  Super-Alpha 
illoya  «ith  Tine  at  I200P 
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